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SEEPAGE ANALYSIS AND CONTROL FOR DAMS

1. Purpose. This manual presents the fundamental design principles and
guidance concerning seepage considerations for design of new dams and the
evaluation of existing projects.

2. Applicability. This manual is applicable to all HQUSACE/OCE elements and
field operating activities having responsibility for the design and
construction of civil works projects.

3. Discussion. All earth and rock-fill dams are subject to seepage through
the embankment, foundation, and abutments. Concrete gravity and arch dams are
subject to seepage through the foundation and abutments. Seepage control is
necessary to prevent excessive uplift pressures, sloughing of the downstream
slope, piping through the embankment and foundation, and erosion of material
by loss into open joints in the foundation and abutments. The purpose of the
project, i.e., long-term storage, flood control, etc., may impose limitations
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CHAPTER 1
[ NTRODUCTI ON

1-1. Purpose. This nmanual provides guidance and information concerning seep-
age analysis and control for dans.

1-2. Applicability. The provisions of this manual are applicable to al
HQUSACE/ CCE el ements and field operating activities (FOA) having responsibil-
ity for seepage analysis and control for dans.

1-3 References. Appendix A contains a |list of Government and non- Gover nnent
references pertaining to this manual. Each reference is identified in the
text by either the designated publication nunber or by author and date
Reference to cited material in tables and figures is identified throughout the
manual by superscripted numbers (item 1, 2, etc.) that correspond to simlarly
nunbered itens in Appendix A

1-4.  (njective and Scope. The objective of this manual is to provide a guide
for seepage analysis and control for dans.

1-5. CGeneral Considerations. Al earth and rock-fill dams are subject to
seepage through the enbankment, foundation, and abutnents. Concrete gravity
and arch dans are subject to seepage through the foundation and abutnents.
Seepage control is necessary to prevent excessive uplift pressures, sloughing
of the downstream sl ope, piping through the enbanknent and foundation, and
erosion of nmaterial by loss into open joints in the foundation and abutnents.
The purpose of the project, i.e., long-term storage, flood control, etc., may
impose linmtations on the allowable quantity of seepage (Sowers 1977).

1-1
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CHAPTER 2
DETERM NATI ON OF PERMVEABI LI TY OF SO L AND
CHEM CAL COWVPCSI TI ON OF WATER

2-1. Darcy's Law.

a. Developrment of Darcy's Law. Henry Darcy, a French engineer, con-
ducted a | aboratory experinent to study the flow of water in verticals and
filters which he published in his 1856 treatise. The results of his experinment
indicated that (Rouse and Ince 1957)

v = ki (2-1)
or since Q= VA
Q = ki At (2-2)
or using g =%
qg = kiA (2-3)
\where
v = discharge velocity
k = Darcy's coefficient of perneability(”

hydraulic gradient (head |oss/length over which head |oss occurs)
Q = quantity of discharge

A = cross-sectional area of flow

t =tinme of flow

g = rate of discharge

b. Extension to Inclined Soil Colum. Darcy's |law may be extended to

flow through an inclined soil colum given in figure 2-1 (Harr 1962). As
indicated in equation 2-1, flowis a consequence of differences in tota

(1)Cbnnnnly called the coefficient of perneability or the permeability.

2-1
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head!"’ and not of pressure gradients (Harr 1962 and Bear 1972). As shown in
figure 2-1, flow is directed from point A to point B even though the pressure
at point Bis greater than that at point A

OVERFLOW o
FOR CONSTANT WATER SUPPLY
HEAD TANK /
[ T = 1
e~ v
i OVERFLOW
1 A 4
3
[aWERN
Y
N e
HEAD N
POINT TOTAL PRESSURE ELEVATION
A ha Pa Zy
B hg PB/7;; Zg

ARBITRARY DATUM (Z - 0)/

Figure 2-1. Darcy's law for flow through inclined soil colum
(prepared by VES)

(1) The elevation head at any point is the distance from sone arbitrary datum
The pressure head is the water pressure divided by the unit weight of the
water. The total head is the sum of the elevation head and the pressure

head.
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c. Discharge Velocity and Seepage Velocity. The discharge velocity is
defined as the quantity of fluid that flows through a unit cross-sectional area
of the soil oriented at a right angle to the direction of flowin a unit tinme
The discharge velocity is used in determning the quantity of flow or rate of

discharge through a soil. As flow can occur only through the interconnected
pores of the soil, as shown in figure 2-2, the actual rate of

OVERFLOW

FOR CONSTANT WATER SUPPLY

HEAD TANK /

Ao

/OVERFLOW
—— A D e —
FLOW | N 2
|
_ T D?
4
/““"‘—ACTUAL FLOW
\t PATH IN PORE
SPACES

—

M)

",

ﬁ;ﬁ; AVERAGE LINEAR
/\\ FLOW PATH

SECTION A-A

Figure 2-2. Concepts of flow paths through a soil colum
(prepared by VES)

movenent of the water, as neasured with dye tracers for instance, is the seep-
age velocity (Harr 1962 and Casagrande 1937) which exceeds the di scharge
vel ocity.

(2-4)

<\
]
Bl

2-3



EM 1110-2-1901
30 Sep 86

wher e

seepage velocity

<1
[

porosity (ratio of volume of voids to the total volume of the soil
mass)

>
1

It follows that

r—‘-lgl

(2-5)

Equation 2-5 is a useful expression in estimating field perneabilities using
dye tracers (Soil Conservation Service 1978).

2-2. Range of Validity of Darcy's Law.

a. Lower Bound. Darcy's law (equations 2-1 through 2-3) applies to
linear flow (adjacent flow lines are locally straight and parallel). For flows
through soils, there are two situations where the validity of this linear
relationship may not hold. For highly plastic clays of low perneability, there
may be a threshold hydraulic gradient below which flow does not take place.
Such conditions may occur in deeply buried clays and clay shales. For nany
practical seepage problens the rate of flow through these soil layers is so
smal | that they can be considered to be inpervious (Mtchell 1976, Chugaev
1971, Basak and Madhav 1979, and Miskat 1946).

b. Upper Bound. O greater practical inportance is the upper linit on
the range of validity of Darcy's law. It has been recognized that, at very
high flow rates, Darcy's |aw does not hold (Chugaev 1971). The upper limt is
usual l'y identified using Reynolds nunber, a dinensionless nunber that expresses
the ratio of internal to viscous forces during flow It is often used in fluid
mechani cs to distinguish between lamnar flow (fluid layer flows al ongside of
another at approximately the same velocity with no nmacroscopic nmixing of fluid
particles) at low velocities and turbulent flow (velocity fluctuations, both
parallel and transverse, are inposed upon the nean notion with mxing of the
fluid particles) at high velocities. The Reynolds number for flow through
soils is

vDp

§R=T (2-6)

wher e
® = Reynol ds nunber

D = average diameter of soil particles

2-4
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o density of fluid

u coefficient of dynamic viscosity of fluid

The critical val ue-of Reynolds nunber at which the flowin soils changes from
laminar to turbulent has been determned experinmentally by various investiga-
tors to range from1l to 12 (Harr 1962 and Chugaev 1971). Assuming a water

tenperature of 20° C, substituting p = 998.2 kg/nf and p = 1.002 x 10'3 kg/ m
sec into equation 2-6, and assum ng values of D and solving for v with ®
= 1 and R = 12 gives the relationship shown in figure 2-3 which defines
the upper bound of the validity of Darcy's law. Depending on the discharge

velocity, Darcy's law is generally applicable for silts through nedi um sands.

c. Turbul ent Flow

(1) Estimating Perneability from Enpirical Equation. For flow through
soils more pervious than nmedium sands, flow is likely to be turbulent. Under
turbul ent conditions, the seepage velocity in a material wth nonosized soi
particles (coarse sands and/or gravels) can be estimated fromthe fol |l owi ng
equation (WIkins 1956, Leps 1973, and Stephenson 1979).

o = 0-540-5%

(2-7)

wher e
v = seepage velocity in inches per second

W= an enpirical constant, which depends on the shape and roughness of
the soil particles and viscosity of water and varies from 33 for

crushed gravel to 46 for polished marbles, in inchll2 per second

M= hydraulic mean radius of the rock voids (for a given vol une of
particles equal to the volune of voids divided by the total surface

area of the particles, or the void ratio divided by the surface area
per unit volume of solids) in inches

i = hydraulic gradient

The coefficient of perneability is obtained fromthe seepage velocity using
equation 2-5. For well-graded soils, the Dy, size (50 percent finer by weight)
can be used to calculate the hydraulic mean radius provided that the m nus
1-in.-size material is less than 30 percent by weight. |If there is nore than
30 percent of minus 1-in.-size material, the perneability should be deternined
experimentally (Leps 1973).

(2) Determining Perneability Experimentally. Aternatively, for flow
t hrough soils nore pervious than medi um sands, the rel ationship between

hydraul i c gradi ent and di scharge velocity can be determi ned experinentally
(Cedergren 1977).

2-5
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TURBULENT FLOW
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£ .
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Q u
)
o
0.1 — E\
[ ’9\\ ]
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B cv = ki ]
0.01 1 1 | L) 1 1 1 111 NS 1 1 1 1 1114
0.1 1 10 100
AVERAGE DIAMETER OF SOIL PARTICLE, MM ’
FINE | MEDIUM | COARSE FINE I COARSE -
SAND GRAVEL
Figure 2-3. Boundary between laminar and turbulent flow determ ned
usi ng Reynolds nunber for tenperature of 20° C (prepared by MVES)
2-3.  Coefficient of Perneability.
a. Darcy's (Engineer's) Coefficient of Permeability. The coefficient
of perneability used in seepage analysis for dams is called the Darcy's or

engi neer's coefficient and is given by (Cedergren 1977)
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v
k = 1 (2-8)
or since Q = VA
- _Q
k = TAT (2-9)
or using q = %
« = 4 (2-10)
iA

The coefficient of pernmeability is defined as the rate of discharge-of water
at a tenperature of 20° C under conditions of lam nar flow through a unit
cross-sectional area of a saturated soil nedium The coefficient of perme-
ability has the dinmensions of a velocity and is usually expressed in centi-
meters per second. Perneability conputed on the basis of Darcy's lawis
limted to the conditions of lamnar flow and conplete saturation of the soil
Under conditions of partial saturation, the flowis in a transient state and
is time dependent. To analyze natural flow conditions which depart fromthe
Darcy flow condition, it is sonetines necessary to apply Darcy's law in condi-
tions where it is not strictly valid. Wien this is done, the effects of tur-
bulent flow and partial saturation on the pernmeability nust be recogni zed and
taken into consideration (Cedergren 1975).

b. Intrinsic (Specific) Perneability. The coefficient of perneability
of a soil material varies for different pore fluids depending upon their
density and viscosity as follows:

k=k°% (2-11)
wher e
ko = intrinsic pernmeability
y = unit weight of pore fluid
Il = viscosity of pore fluid

The intrinsic perneability has the dinmensions of length squared and is
expressed in square centineters or Darcy's (equal to 1.01 x 10°® cnf). Fig-
ure 2-4 is a chart for the conversion of permeability values fromone set of

2-7
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units to another (Lohman et al. 1972). Substituting equation 2-11 into
equation 2-1

v=k Li (2-12)
o

Equation 2-12 nay be used when dealing with nore than one fluid or with tenper-
ature variations. This is widely used in the petroleumindustry where the
presence of gas, oil, and water occur in nultiphase flow systens (Freeze and
Cherry 1979, and Bureau of Reclamation 1977). In seepage analysis for earth
dans where we are primarily interested in the flow of water subject to snal
changes in tenperature, this refinement is seldom required

¢c. Transmissivity Factor. In order to describe the flow characteris-
tics of an aquifer (saturated perneable geologic unit that can transmt
significant quantities of water under ordinary hydraulic gradients),
C. V. Thesis introduced the termtransmssivity which is defined as (Bureau of
Recl amation 1977)

T = kt (2-13)

wher e
T =transmssivity factor

k average perneability

t aqui fer thickness

Transmi ssivity represents the rate of discharge for a gradient of unity
through a vertical strip of aquifer one unit w de and has dinensions of |ength
squared per unit time and is usually expressed in square feet per day.

2-4.  Factors |Influencing Perneability.

a. Range of Values of Perneability. No other property of soil exhibits
a wider range of values (up to ten orders of nmagnitude) or shows greater
directional (anisotropy) and spatial variability in a given deposit as does
the coefficient of perneability. The approximate range in coefficients of
perneability for soils and rocks is shown in figure 2-5 (MIligan 1976).
Wthin the range, extrenme variations of pernmeability in situ are possible due
to the degree of stratification or heterogeneity of the soil deposit.

b. Variation of In Situ Pernmeability. Natural soil deposits are
generally stratified in structure. Water-deposited soils are laid down in
"horizontal layers and are often nore perneable in the horizontal than vertica
direction. Wndblown sands and silts are generally nore perneable vertically
than horizontally due to the presence of continuous vertical root holes. An
i nportant exanple of stratification is openwork gravel which may occur in

2-9
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Values of k, cm/sec.

a?’ 10 ' R T s Y S A
) 1 1 1 L L 1 L L l
I 1
Silts Homglgoenseous
«€—— Gravels Sands Y

Fissured,weathered Ciays

Fractured O/C Clays,Tills

!-'n:cctured heavily Lightly jointed/
jointed Rock Sound RoCK ———

Figure 2-5. Approximate range in coefficient of

permeability of soils and rocks (from MIIigan224)

ordinary gravel or soil and have tremendous influence on the watertightness of
dam foundations and abutments as shown in figure 2-6 (Cedergren 1977). Fig-
ure 2-6a shows a soil profile surmsed from several drill holes. The grain
size analysis of soil sanples taken at frequent intervals erroneously indicated
that the deposit was conposed of relatively uniform sandy gravels. Laboratory
perneability tests on disturbed sanples produced coefficients of permeability

of about 1 x 10'6 cmsec. Using this value of perneability, the probable
seepage | oss beneath the proposed dam was estimated to be 3 cu ft/day, which is
an insignificant quantity. However, the design engineer had observed nany
openwork streaks in which the fines fraction of the material was al nost

conpl etely absent along the banks of the river and noted that the ground-water
table was level for several hundred feet away from the river and fluctuated
rapidly with changes in river stage. Field punping tests were conducted which
i ndi cated sonewhat variable perneabilities but none approaching the magnitude
of openwork gravels. Based upon the available data, the dam was designed with
a cutoff trench to bedrock. During the excavation of the cutoff trench,
streaks of openwork gravel were found throughout the foundation. A revised
seepage conputation based on a perneability of 30 cmsec indicated that wthout
the cutoff trench, the theoretical underseepage would be about 1,000,000 cu
ft/day. |If openwork gravel or other inportant discontinuities in earth dam
foundations remain undetected, serious problens from excessive seepage and
hydrostatic pressures will develop. This exanple illustrates the potential
serious effects of deviations between the design assunptions and the as-built
dam (Cedergren 1977). Al'so, thin continuous seans of cohesive soil can
drastically alter the vertical flow through what would otherwise be a highly
perneable site.
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SANDSTONE SANDSTONE
a. Soil profile surmsed from h. Soil profile revealed by
drill holes with estimated cutoff trench with esti-
quantity of seepage under mated quantity of seep-
dam equal to 3 cu ft/day age under dam equal to
1,000,000 cu ft/day
(without cutoff trench)
Figure 2-6. Influence of openwork gravel on underseepage

(courtesy of John Wley & Sons, Inc.155)

c. Properties of the Seepage Fluid. The properties of the seepage
fluid which influence the perneability of soils are the tenperature, density,
viscosity, and chenical conposition

(1) As shown in table 2-1, for the range of tenperatures ordinarily
encountered in seepage analysis of danms (0° C to 40° C) the density of water
is nearly constant (varies less than 1 percent)

Table 2-1. Properties of Water?

Tenperature Density Viscosity

°C oF kg/ ' kg/ m sec
0 32 999.8 1.787 X 10'3
5 41 999.9 1.519

10 50 999.7 1. 307

15 59 999.1 1.139

20 68 998. 2 1. 002

25 77 997.0 0. 890

30 86 995. 6 0.798

35 95 994.0 0.719

40 104 992.2 0. 653

%Prepared by VES.
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(2) The viscosity varies up to 63.5 percent over the range of tenpera-
tures ordinarily encountered in seepage analysis of dams. As indicated in
equation 2-11, the perneability is inversely proportional to the viscosity of
the water. As given in table 2-1, the viscosity of water decreases as tenpera-
ture increases. Therefore, the coefficient of permeability of the soi
increases as the tenperature of the water increases. Perneability tests are
run at the nost convenient tenperature and reported at 20° C

(3) The total dissolved salts (TDS) present in the seepage water may
influence the perneability of the soil, particularly for cohesive soils (Quirk
and Schofield 1955 and Cary, Walter, and Harstad 1943). Available data indi-
cate that cohesive soils may be two to three orders of magnitude nore perneable
to seepage water containing noderate anmounts of dissolved salts (less than
300 parts per nmillion by weight) than the distilled water (Carry, Walter, and
Harstad 1943).

d. Degree of Saturation. The degree of saturation of a soi

<

S = V—" x 100 percent (2-14)
v

wher e
S = degree of saturation
Vw = vol ume of water
V, = volune of voids

has an inportant influence on perneability. A decrease in the degree of
saturation causes a decrease in the perneability as shown in figure 2-7 (Lanbe
1951). When the degree of saturation is |ess than 85 percent, nmuch of the air
woul d be continuous throughout the soil voids and Darcy's |aw would not hold.
When the degree of saturation is greater than 85 percent, nobst of air present
in the soil is in the formof snmall occluded bubbles and Darcy's law will be
approximately valid. The ratio of the perneability of the unsaturated sand to
the saturated sand at the same void ratio is given as (Scott 1963 and Parker
and Thornton 1976)

k“i =1 - m(l - TES)_O) 100 = S 2 80 (2-15)
wher e
us - unsaturated perneability
m = constant with val ues between 2 (uniformgrain size) and

4 (well-graded naterials)
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Figure 2-7. Perneability versus degree of saturation for
various sands (courtesy of John Wley & Sons, Inc.ZOO)
e. Hydraulic Gadient. The hydraulic gradient
H
i=1 (2-16)

wher e

head | oss

T
1

—
1

| ength over which head | oss occurs
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at which perneability is neasured can have a significant influence on the
coefficient of perneability conputed from Darcy's law under certain condi-
tions. The maxinum hydraulic gradient for which lamnar flow occurs for a
particular soil at a given density nmay be determined in the |aboratory by
plotting the discharge velocity

= 2-17
v o= (2-17)
versus the hydraulic gradient as shown in figure 2-8. A straight line
relationship indicates lamnar flow
v
k=5 (2-18)

whil e deviations fromthe straight line at high gradients indicate turbul ent

flow Darcy's law for a fine sand, as shown in figure 2-8, is valid only for
the hydraulic gradient less than 2 for the |oose state and 4.5 for the dense
state. For soils larger than a fine sand, Darcy's law is valid for progres-

sively smaller hydraulic gradients (Burmster 1948 and Burmister 1955).

f. Particle Size. For cohesive soils, the perneability increases with
increases in clay mneral size and increase in void ratio (ratio of the volune
of voids to the volune of solid particles in the soil mass) as shown in

figure 2-9 (Yong and Warkentin 1966).") For cohesionless soils, the size and
shape of the soil particles influence the permeability. Alan Hazan conducted
tests on filter sands for use in waterworks and found that for uniform |oose
clean sands the perneability was given by (Taylor 1948)

k = 100 Df (2-19)

0

where
k - coefficient of perneability in cm per second

D,o = particle size in cmat which 10 percent of the material is finer
by weight (also known as Hazen's effective size)

(1)As shown in table 2-2, the exchangeabl e cation present influences the
perneability of clay mnerals at constant void ratio (Scott 1963). The
perneabilities are much snaller when the exchangeabl e cation is sodi um
which is one of the reasons why sodiumnontrorillonite is used to sea
reservoirs.
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Figure 2-8. Determination of maximm hydraulic gradient for
whi ch laminar flow occurs for a fine sand (courtesy of
147)

Hazen's experinents were made on sands for which 0.1 nm< Dy, < 0.3 nm and the
uniformty coefficient, C, <5, where

American Society for Testing and Materials

60
C, =5 (2-20)
u D10
wher e
C, = unifornity coefficient
D¢o = Particle size at which 60 percent of the material is finer by

wei ght
The coefficient 100 is an average of many val ues which ranged from 41 to 146,
but rmost of the values were from 81 to 117. Equation 2-19 nakes no all owance
for variations in shape of the soil particles or void ratio.
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a. [Edge view sketch to show relative
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h. Perneability versus void ratio for various

clay minerals

Figure 2-9. Influence of particle size and void ratio on

perneabi ity of clay minerals (courtesy of I\/ch'llan294)
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Table 2-2. Coefficients of Perneability for Different Exchange
Cations and Void Ratios for Two Clay M neral s®

Coefficient of

Clay Exchangeable Void Permeability
Mineral Cation Ratio ‘ cm/sec
Montmorillonite Na 15 8 x 10:3
3 1.5 x 10_8
K 11 5 x 10_9
7 8 x 10_5
Ca 8 1 x 10_7
4 1 x 10__6
H 9 2 x 10_5
3 1 x 10
Kaolinite Na 1.6-0.5 1.5 x 10:2 to 8 x 10:;
K 1.6-1.1 3 x 10_5 to 9 x 10 -6
Ca 1.6-1.3 1 x 10_5 to 1.5 x 10_6
H 1.4-1.0 1 x 10 to 1.5 x 10

Perneabilities are obtained by falling-head test on sanples in consolidation
apparatus. Results indicate the follow ng

For nontnorillonite at void ratio 8 the order of perneability in terns of
the exchangeable ion present is

K < Na < H < Ca
for kaolinite at void ratio 1.5 the order is
Na < K < Ca < H

For conpacted soils it is also observed that the perneability is much | ower

(x 10" to 10% in soils conpacted slightly wet of optimumthan in soils
compacted dry of optimum it is thought that this occurs because of the
paral l el arrangenent of clay platelets in the wetter material after
conpact i on.

Courtesy of Addi son-Wesl ey Publishing Conpany, Inc.251.
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g. Particle Shape and Surface Roughness. Cohesionless soil particles
have different particle shapes and surface roughness dependent on the distance
they have been transported by flowing water from the place of original ero-
sion. As shown in table 2-3, the neasured perneability is several orders of
magni tude lower for angular sand particles with rough surfaces than for
rounded sand particles with snoboth surfaces (Burmster 1948). For uniform
cohesionl ess soils, crushing of particles during compaction with resulting
decrease in perneability occurs to a higher degree in soils with angular
shapes and rough surfaces than in soils with rounded shapes and smooth sur-
faces. Crushing of particles during conpaction |eads to an increase in the
amount of silt-sized particles (smaller than No. 200 sieve or 0.074 nm which
results in lower perneability. For this and other reasons (cementation in
|imestones and arching due to particle angularity) crushed rock is generally
not used for filters in earth dans. Also, table 2-3 conpares the neasured
perneability with the perneability conputed from equation 2-19 devel oped by
Hazen for uniform |oose clean sands. The agreenent between neasured and
computed perneability is within one order of magnitude for uniform sands and
gl ass spheres. Therefore, Hazen's equation should be used only for uniform
sands (sphericity and roundness > 0.90). The sphericity and roundness may be
estimated for sands using figure 2-10 (Krumbein and Sloss 1951).

h. Void Ratio. The perneability increases as the void ratio increases.

(2-21)

<|<<

0

wher e

void ratio

e

V, vol une of solids

There are considerable |aboratory test data, shown in figure 2-11, which
indicate that a plot of void ratio versus log of coefficient of perneability
is frequently a straight line (Lanbe and Whitnman 1969).

i. Amount and Type of Fines Present. The perneability of sands and
gravels varies significantly with the amunt and type of fines (nmaterial
smal ler than the No. 200 sieve) (Barber and Sawyer 1952; Fenn 1966; Younger
and Lim 1972; Strohm Nettles, and Cal houn 1967; Nettles and Cal houn 1967, and
Loudon 1952). As shown in figure 2-12a, the addition of 2.5 percent, by dry
weight, silt fines to concrete sand results in an order of nagnitude decrease
in permeability (Barber and Sawyer 1952). The addition of 6.5 percent silt
fines to concrete sand decreases the perneability two orders of magnitude
Simlar results are obtained by the addition of somewhat |arger anounts of clay
and linestone fines to concrete sand. As shown in figure 2-12b, the addition
of 2.0 percent silt fines to a sand-gravel mxture results in an order of
magni t ude decrease in perneability (Barber and Sawyer 1952). The addition of
4.2 percent silt fines to sand-gravel mxture decreases the perneability
two orders of magnitude. Similar results are obtained by the addition of
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Figure 2-10. Krunbein and Sl oss standard chart for
visual estimation of sphericity and roundness of
cohesionl ess soils (courtesy of W H Freeman

and Conpany 198)

somewhat smaller amounts of clay and larger amounts of |inestone, respec-
tively, to a sand-gravel nmixture. As shown in figure 2-12c, the addition of
about 1 percent calciumnontnorillonite fines to a uniformfine sand results
in an order of magnitude decrease in perneability, while over 10 percent
kaolinite fines would be required for a simlar reduction in perneability
(Fenn 1966).

j. Summary of Factors Influencing Perneability. The significant
influence that various factors exert on the perneability enphasizes the

importance of duplicating field conditions when deternmning perneability in
the |aboratory.

2-5. Indirect Methods for Deternining Perneability.

a. Hazen's Equati on. For uniform | oose clean sands, classified SP in
the Unified Soil Cassification System (U S. Arny Engineer Waterways Experi -
nment Station 1960), the perneability nmay be estimated fromthe previously
given Hazen's equation (Taylor 1948)

~ 2 (2-22)
k = 100 D],

where k is in cm per second and D is in cm
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b. Masch and Denny Method. For uniform or nonuniform dense clean sands
classified SP or SWin the Unified Soil Classification System (U S. Arny
Engi neer Waterways Experiment Station 1960), the perneability may be estimated
from an enpirical nethod devel oped by Masch and Denny 1966, and Denny 1965
The gradation curve is plotted in Krunbein 4 wunits (Krunmbein and Pettijohn
1938) (using the chart in figure 2-13) as shown in figure 2-14 where

1og10d
¢ = -1og2d = - m = -3.322 loglo d (2-23)
10
wher e
¢ = phi scale units used to describe grain size distribution
d = grain size diameter in mm

The inclusive standard deviation is used as a neasure of the spread of the
gradati on curve where (Masch and Denny 1966)

_ 16 84 5 - "95
o1 = Y (2-24)
wher e
op = inclusive standard deviation
d,g = grain size in ¢ units at which 16 percent is finer

dg, = grain size in ¢ units at which 84 percent is finer

o
a
1

grain size in ¢ units at which 5 percent is finer

grain size in ¢ units at which 95 percent is finer

o
©
a

1
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Figure 2-14. Masch and Denny relationship for perneability
as a function of median grain size and inclusive standard

deviation (courtesy of Prentice-Hall'")
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The nedian grain size, dg, in ¢ units, is determned fromthe gradation

curve as shown in figure 2-14a. Then knowing o. and ds, , the coefficient

I
of perneability in cm per minute can be obtained from figure 2-14b (Freeze and
Cherry 1979).

¢c. Kozeny-Carman Equation. For uniform |oose to dense clean sands
classified SP in the Unified Soil Cassification System (U S. Arny Engi neer
Wat erways Experinent Station 1960), the perneability may be estimted using
the Kozeny-Carman equation (Loudon 1952 and Perloff and Baron 1976)

(2- 25)

t|€-<

S

O N+
n N

wher e
k = coefficient of perneability
y.. = unit weight of fluid
e = void ratio
C. = shape factor corresponding to a particular flow channel
T, = tortuosity factor related to the degree of sinuous flow
sg = specific surface (surface area of solids/volume of solids)
u = coefficient of viscosity of fluid

For sands and silt-sized (finer than 0.074 nm and coarser than 0.005 nm
particles CT,” = 5 is a good approxi mation (Perloff and Baron 1976). The
specific surface nay be obtained from (Loudon 1952)

S, = A(X;S; + X,5, + ... + X 5) (2-26)
wher e
s ¢ = specific surface

A= angularity factor

X, = percentage of total soil sanple between adjacent sieves expressed
as a deci mal
s, = specific surface of spheres uniformy distributed in size between

the mesh sizes of adjacent sieves
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The angularity factor, A, which varies from1.0 for glass spheres to 1.8 for
crushed glass, may be determ ned by m croscopi ¢ exam nation of the soil or
estimated from table 2-4 (Loudon 1952). The specific surface of spheres,

S , between the mesh sizes d, and d, is (Loudon 1952)
5, = — (2-27)
vd_d
Xy

Specific surfaces of spheres lying between selected U S. standard sieves is
given in table 2-5.

d. Correlation of In Situ Horizontal Perneability and Hazen's Effective
G ain Size. For natural fine to nedium relatively uniformsands, classified
SP or SWin the Unified Soil Classification System (U S. Arnmy Engi neer
Wat erways Experiment Station 1960), in the mddle and |ower M ssissippi River
Valley, the in situ horizontal perneability nmay be estimated fromthe Hazen's
effective size as shown in figure 2-15 (U S. Arny Engi neer \aterways Experi -
ment Station 1956a). The relationship given in figure 2-15 should not be used
outside the geographic area for which it was developed. A sinmilar relationship
between transmi ssivity and nedian grain size of sands is available for the
Arkansas River Valley (Bedinger 1961).

Table 2-4. Angularity Factor for Soil Gai ns(a)

Type of Material Descri ption Angul arity Factor
d ass sphere Vell rounded 1.0
Nat ural_ sand Rounded 1.1

Subr ounded 1.2

Subangul ar 1.3

Angul ar 1.4
Crushed rock Quartzite 1.5
Crushed rock Basal t 1.6
Crushed gl ass Pyr ex 1.8

() Courtesy of the Institution of Civil Engi neering210
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Table 2-5. Specific Surface of Spheres Lying Between
Selected U S. Standard Sieve Sizes (a)
U S. Standard Sieve Specific Surface(b)
Nunber s 1/cm
4 to 6 382
6 to 8 538
8 to 10 696
10 to 16 985
16 to 20 1524
20 to 30 2178
30 to 40 3080
40 to 50 4318
50 to 70 6089
70 to 100 8574
100 to 140 12199
140 to 200 17400

(3) prepared by WES.

e. Conputation of Perneability from Consolidation Test. The coeffi-
cient of perneability of nornally consolidated clays and silts can be conputed
from the consolidation test using the relationship (Lanbe 1951 and O son and
Dani el 1979)

VaVYW
k = T T o (2-28)
o]
wher e
cy = coefficient of consolidation
a, = coefficient of conpressibility
g, = initial void ratio

2-6. Laboratory Methods for Determining Perneability.

a. General. Laboratory tests described in EM 1110-2-1906 can be used
to determne the coefficient of perneability of a soil, Unless otherw se
required, the coefficient of perneability shall be deternined using deaired
distilled water and conpletely saturated soil specinmens. The apparatus used
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Figure 2-15. Relationship between in situ horizontal

perneability and effective size (prepared by WEslzo)

for perneability testing may vary dependi ng upon whether the sanple is fine-
grained or coarse-grained, undisturbed, renolded, or conpacted, and saturated
or unsaturated. The perneability of renolded coarse-grained soils is deter-
mned in perneameter cylinders, While the permeability of undisturbed coarse-
grained soils in a vertical direction can be determnined using the sanpling
tube as a perneaneter. Sanples which have becone segregated or contam nated
with drilling mud during sanpling operations will not give reliable results.
The perneability of renol ded coarse-grained soils is generally used to
approxi mate the permeability of undisturbed coarse-grained soils in a hori-
zontal direction. Usually the laboratory perneability of renplded coarse-
grained soils is considerably less than the horizontal perneability of the
coarse-grained soil in the field, so the approximation may not be conserva-
tive. Pressure cylinders and consolidoneters are used for fine-grained soils
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in the remolded or undisturbed state. Fine-grained soils can be tested with
the specimen oriented to obtain the perneability in either the vertical or
hori zontal direction.

bh. Possible Errors. There are several possible errors in determning
perneability in the laboratory (FM 1110-2-1906; O son and Daniel 1979
and Mtchell, Quzikowski, and Villet 1978).

(1) Use of sanples that are not representative of actual field condi-
tions. This can be ninimzed by thorough field investigation, attention to
details (take undisturbed sanples fromtest fills for deternmination of perne-
ability of enmbankment materials, sampling along faults, fissures, clay seans,
and sand partings for determnation of pernmeability of the dam foundation),
and by the use of |arge sanples.

(2) Orientation of the in situ stratumto the direction of seepage flow
is seldom duplicated in the laboratory. This can be overcome by obtaining the
permeability of the soil (enmbanknment material and/or foundation) in both the
vertical and horizontal direction.

(3) Incorrect hydraulic gradient used in the laboratory test. The
hydraulic gradient used in the laboratory should cover the range of expected
hydraulic gradient in situ. \Were possible the hydraulic gradient should be
selected so that the flow is lamnar (straight line relationship between dis-
charge versus hydraulic gradient) and Darcy's law will be applicable. It is
usually not practical to achieve lamnar flow for coarser soils, and the
| aboratory test should be run at the hydraulic gradient anticipated in the
field.

(4) Air dissolved in the water. As water enters the specinen, snal
quantities of air dissolved in the water will tend to collect as fine bubbles
at the soil-water interface and reduce the perneability with increasing tine.
Perneability tests on saturated specinens should show no significant decrease
in pernmeability with tine if properly deaired distilled water is used. How
ever, if such a decrease in perneability occurs, then a prefilter, consisting
of a layer of the same material as the test specinmen, should be used between
the deaired distilled water reservoir and the test specinen to renove the air
remaining in solution

(5) Leakage al ong the sides of the perneaneter can result in an
increased perneability. One ngjor advantage of the triaxial conpression
chanber for perneability tests is that the specinmen is confined by a flexible
menbrane which is pressed tightly against the specinen by the chanber pressure
thus reducing the possibility for |eakage along the sides.

2-7. Oigin, Qccurrence, and Mvenent of Gound Water.

a. Hydrologic Cycle. Precipitation, runoff, storage, and evaporation
of the earth's water follow an unending sequence called the hydraulic cycle,
as shown in figure 2-16. Radiation from the sun evaporates water from the
oceans into the atnosphere. The noisture is condensed and rises to form cloud
formations. From these clouds, the earth receives precipitation of rain,
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¢ Rain cloud )

Precipitation
Evaporation while falling

Evaporation

From soil
From plants
From ocean
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Figure 2-16. Schematic diagram of the hydrologic cycle

(courtesy of Johnson Division, Universal Ol Productslsg)

snow, sleet, or hail which runs into |akes and streans or seeps into the soi
and thence into the underlying rock formations. The percolating water moves
through the saturated subsurface materials and may reappear at the surface, at
a lower elevation than the level where it entered the ground, in the form of
springs and seeps which maintain the flow of streams in dry periods (TM 5-545

Bureau of Reclamation 1977; and Johnson Division, Universal O Products
1972).

b. Water Table. The surface bel ow which the soil or rock is saturated
is the water table, as shown in figure 2-17. The water table is not a leve
surface but varies in shape and sl ope depending upon the variations in perme-
ability and areas of recharge and discharge. In general, the water table
reflects the surface topography but with less relief. Gound water is said to
be perched if it is separated fromthe main water table by unsaturated nate-
rials, as shown in figure 2-17. An aquifer is a saturated perneable geol ogic
unit that can transnit significant quantities of water under ordinary hydrau-
lic gradients. An unconfined aquifer is one that does not have a confining
| ayer overlying it as shown in figure 2-17. The water table, or upper surface
of the saturated ground water is in direct contact with the atnosphere through
the open pores of the overlying material and novenment of the ground water is in
direct response to gravity. The aquifer may be a layer of gravel or sand
per meabl e sedi mentary rocks such as sandstones or |inestones, a rubbly zone
between lava flows, or even a large body of nassive rock, such as fractured
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granite, which has sizable openings. An aquiclude is a saturated geol ogic
unit that is incapable of transmitting significant quantities of water under
ordinary hydraulic gradients as shown in figure 2-17. A confined or artesian
aqui fer has an overlying confining |layer of |lower perneability than the aqui-
fer and has only an indirect or distant connection with the atnmosphere as.
shown in figure 2-17. The water in the artesian aquifer is under pressure and
if the aquifer is penetrated by a tightly cased well or a piezonmeter, the
water will rise above the bottomof the confining layer to an el evation at
which it is in balance with atnospheric pressure. If this elevation is
greater than that of the land surface at the well, artesian water will flow
fromthe well as shown in figure 2-17. The inmaginary surface, conformng to
the elevations to which water will rise in wells penetrating an artesian
aquifer, is the piezometric surface as shown in figure 2-17 (Soil Conservation
Service 1978, TM 5-545, Bureau of Reclamation 1977, Freeze and Cherry 1979

and Anonynous 1980).

2-8. Field Methods for Determining Perneability.

a. General. In sands it is difficult to obtain undisturbed soi
sanples for laboratory testing and the structure (void ratio, stratification,
etc.) has an inportant influence on-perneability. Therefore, field tests for
deternmning perneability are necessary. Because sanpling operations do not
necessarily indicate the relative perviousness of foundations containing |arge
amounts of gravelly materials, field punping tests are required to deternine
the foundation perneability for dams where positive nmeasures are not proposed
to completely cut off underseepage in the gravelly formations.

h. Test Pits and Bore Hole Tests.. In sands and gravel s above the
ground-water level, field tests are normally carried out by neasuring the down-
ward seepage fromtest pits or shallow borehol es (Cedergren 1977). Bel ow the
ground-water table information about the order of magnitude and variability of
the coefficient of perneability nmay be obtained by conducting falling head

perneability tests in the exploratory boring as drilling proceeds. The hole
is cased fromthe ground surface to the top of the zone to be tested and
extends without support for a suitable depth below the casing. |f the per-

vious stratumis not too thick, the uncased hole is extended throughout the
full thickness, otherwi se the uncased hole penetrates only a part of the
pervious stratum \Water is added to raise the water level in the casing and
then the water level descends toward its equilibrium position. The elevation
of the water level is nmeasured as a function of time and the coefficient of
perneability is calculated (Terzaghi and Peck 1967).

Ah
1 A At

k =.E r'h' (2-29)
om

wher e

k = coefficient of perneability
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A = inside cross-sectional area of casing
Ah = drop in water level in casing during time interval At

At = tine interval

C = dinensionless quantity depending on shape of cylindrical hole and
depth of penetration into pervious zone (see figure 2-18)

r' = nean radius of hole bel ow casing

hl;l = mean distance during tinme interval At fromwater level in casing
to equilibrium water level in pervious zone

The falling head field perneability test often gives an observed perneability
that is too |ow because silt particles which are suspended in the water nay
forma filter skin over the walls and bottom of the hole in the pervious nate-
rial. The results of such tests are little nore than an indication of the
order of magnitude of the in situ perneability. Mre reliable data are
obtained from field punping tests.

¢c. Field Punping Tests. The nost reliable nmethod for determning in
situ perneability is a field punping test on a test well which fully pene-
trates the aquifer. The test procedures for equilibrium (steady-state flow)
and nonequilibrium (transient flow) are given in Appendix IIl to TM 5-818-5
and Civil Wrks Engineer Letter 63-16 (U S. Arny Corps of Engineers 1963).
The ratio of the horizontal to vertical perneability can be determned from
specially conducted field pumping tests (Mansur and Dietrich 1965).

2-9. Chemical Conposition of Gound Water and River (or Reservoir) Wter.

a. Gound Water. The chenical conposition of the ground water is inpor-
tant because some ground waters are highly corrosive to netal screens, pipes,
and punps, or may contain dissolved mnerals or carbonates which form incrus-
tations in wells or filters and, with tinme, cause clogging and reduced effi-
ciency of the dewatering or drainage system Indications of corrosive and
incrusting waters are given in table 2-6 (TM 5-818-5; and Johnson Division,
Universal O Products 1972). Ceneral information concerning ground-water
properties is available in an Atlas (Pettyjohn et al. 1979). Sanpling, sanple
preservation, and chemcal analysis of ground water is covered in handbooks
(Moser and Hui bregtse 1976, and Environnmental Protection Agency 1976).

b. River (or Reservoir) Water. The total anpunt of cations (calcium
magnesi um potassium and sodiun) in the river water (for danms not yet con-
structed) and in the reservoir water (for existing dams) significantly influ-
ences the erosion through a possible crack in the core of the dam (Perry 1975).
Usually, as the total anount of cations in the eroding water decreases, the
erodibility of the soil increases. For dans constructed of dispersive clay,
the susceptibility of the dam to piping depends, in part, upon the total anount
of cations in the seepage water (Perry 1979).
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Tabl e 2-6.

I ndicators of Corrosive and Incrusting V\aters(a)

I ndi cators of Corrosive Water

I ndicators of Incrusting \Water

1. ApHless than 7 a pH greater than 7
2. Dissolved oxygen in excess of Total iron (Fe) in. excess of
2 ppr(”) 2 ppm
3. Hydrogen sulfide (HS) in excess of Total manganese (M) in excess of
1 ppm detected by a rotten egg 1 ppmin conjunction with a high
odor pH and the presence of oxygen
4, Total dissolved solids in excess of Total carbonate hardness in
1000 ppmindicates an ability to excess of 300 ppm
conduct electric current great
enough to cause serious electro-
lytic corrosion
5. Carbon dioxide (CO,) in excess of
50 pm
6. Chlorides (CL) in excess of 500 ppm
(8 From T™ 5-818- 5%
(b) m 1 1ion.

ppm = parts per
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CHAPTER 3
DETERM NATI ON OF PERMEABI LI TY OF ROCK
3-1. Perneabilities of Rock Masses. Perneability of rock, as with soil, is a

neasure of the ease-with which fluids may travel through a nedi um under the
influence of a driving force. The term "perneability," however, has severa
definitions for describing the flow of water in rock nmsses.

a. Coefficient of Perneability. The engineer's coefficient, or Darcy's
coefficient, is normally referred to as sinply the "coefficient of perneabil-
ity." It is defined as the discharge velocity through a unit area under a
unit hydraulic gradient and is dependent upon the properties of the nmedium as
well as the viscosity and density of the fluid (Section 2-3.a.).

b. Intrinsic Perneability. The physicist's coefficient, or the intrin-
sic perneability, is occasionally used in the determination of the hydraulic
conductivity of a rock mass. It is defined as the volume of a fluid of unit

viscosity passing through a unit cross section of a nediumin unit time under
the action of a unit pressure gradient (Section 2-3.b.). The intrinsic perne-
ability thus varies with the porosity of the medium and is independent of both
the viscosity and the density of the fluid.

c. Equivalent Perneability. The conplex system of interconnected void
space in a rock mass may be described in terms of an equival ent porous con-
tinuum and the flow assunmed to occur uniformy throughout the nass rather
than within individual passageways. Under these assunptions the term equiva-
lent pernmeability is used to describe the permeability of a rock mass.

\

d. Parallel Plate Perneability. The perneability of a fissure or a
fissure set is occasionally determ ned by nodeling the rock mass conditions
with parallel plates. The parallel plate perneability can be conputed from
the value of the aperture between the plates (Ziegler 1976) and this perne-
ability provides inferences for use in the nodeled rock mass. The accuracy of
conputed parallel plate pernmeabilities has been verified consistently with
| aboratory tests (Snow 1965).

e. Fissure Perneability. Fissure permability is the perneability of
an individual fissure or a set of fissures and, whether neasured in the
| aboratory or in the field, is deternmined using the parallel plate perneability
theory. Fissure permeability is determ ned using an equival ent parallel plate
aperture, rather than the actual fissure aperture. This in effect incor-
porates roughness into the parallel plate |aw

3-2. Flow Characteristics in Rock Masses. The determ nation of the perne-
ability of a rock mass, whether it be a rock slope, dam foundation, or dam
abutment, can only be acconplished after certain criteria are defined or
specified

a. Continuum Approximations. From an overall regional point of view,
nost rock masses may be treated as continua, for all practical purposes. One
of the primary considerations in selecting the continuum approach,-for eval u-
ating the perneability of a rock mass, is the relative size, frequency, and
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orientation of the inherent discontinuities in the rock mass, conpared with

the size of the area of interest or area under study. If the flow charac-
teristics of a rock mass are to be treated as those of continua, the net vari-
ation in flow over the study area should be relatively small, and the frequency
and orientation of the discontinuities should be such that they provide an
overal | averaging effect on the flow with respect to the area of interest.

bh. Discontinuum Approximations. As areas of investigation becone

smaller and smaller, i.e. nore specific, the inherent discontinuities in rock
masses start to play larger and larger roles in the interpretation of ground-
water flow and its path of novenent. The perneabilities or relative perne-
abilities of individual fissures and fissure systems are inportant for esti-
mating the amount of seepage into various sections of underground excavations
such as powerhouse tunnels or diversions, or through specific strata in a dam
foundation or abutnment. Discontinuum approxinations of permeability are nor-
mal |y used when the flow in the area of investigation is governed either by a
single fissure or by a fissure system

(1) Single Fissure Flow The perneability of single fissures can be
very inportant in karstic terrains, basalt, or rhyolite flows, or in areas
where tunnels are driven through faulted zones. The flow through a single
fissure, under certain geologic conditions, can be the key to estimating the
seepage through a dam foundation or abutment, or for deternmining the best
route for a proposed tunnel

(2) Flow Through Fissure Systems. Fissure systenms such as joints
fractures, and bedding planes can yield, or contribute to, unpredictable flow
paths, seepage patterns, and uplift pressures. The perneability of fissure
systens should be evaluated by a discontinuum nethod of analysis when the
size, frequency, and orientation of such systens make a continuum approach to
the area under investigation unrealistic.

¢c. Gound-water Velocity. Flow of water in rock masses is generally
considered to be governed by one of two laws. Under conditions of [|aninar
flow, Darcy's law, previously presented as equation 2-1 in Chapter 2 is assuned
to govern the flow. For turbulent flow conditions in rock there is a nonlinear
flow velocity versus hydraulic gradient relationship and equations presented by
Forchhei ner (1914) and M ssbach (1937) are assumed to govern the flow.  The
M ssbach law is the nost convenient to analyze and it takes either of
two forns,

or
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wher e
m and o = degrees of nonlinearity

k" and B = turbulent coefficients of perneability

Since the two equations are identical, resolving themindicates that m= %

and k' = B'I/u . The use of the above | aws, however, is usually restricted
to a honpbgeneous, isotropic, porous continuum Since in soil and rock masses
there are conpl ex systens of interconnected void spaces, an equival ent rather
than an absolute permeability should be determined. The coefficient of equiv-
alent perneability fromthe continuum approach assunmes that flow occurs uni-
formy throughout the mass rather than within individual passageways. There-
fore, for equivalent perneability, Darcy's law and Mssbach's law are witten
respectively,

v = kei (3-3)
and
m = ts
v kel (3-4)
wher e
ke, = lam nar equival ent pernmeability

k; = turbulent equivalent perneability

The continuum approach, in some cases, is not applicable and therefore, the
di sconti nuum net hod of analysis for evaluating an equival ent perneability
shoul d be used. Fornulae for the discontinuum anal ysis for equival ent
perneability are presented later with various other methods of analysis.

3-3. Methods for Determning Rock Mass Perneability. Numerous nethods have
been devel oped for determning or estimating rock mass perneabilities. Al of
the available testing, as well as analytical techniques should be considered
and evaluated for each individual study, in order to optimize the advantages
and nminimze the disadvantages inherent within each method for deternining the
perneability of a rock mass.

a. Laboratory Perneability Tests. Laboratory perneability tests are
used for evaluating the permeability of rock cores or sanples, deternining the
flow characteristics of rock fissures, and performng parametric studies of
the factors affecting the perneability of rock masses. Laboratory test
net hods for perneability provide a convenient research and eval uation too
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because a variety of paraneters may be controlled and varied to yield a broad
spectrum of conditions which nmay be encountered in a rock nass.

(1) Model Tests. Model tests are conducted by constructing paralle
plate nodels to sinulate given geologic information. The tests generally tend
to be a parametric evaluation, but have been used extensively in evaluating
both theoretical and enpirical rock nmass perneability fornulae. To nodel fis-
sures as equival ent parallel plate conductors, the flow between paralle
pl ates must be defined (Snow 1965 and W/ son and Wtherspoon 1970). Lami nar
flow of an inconpressible viscous fluid between smoth, parallel plates can be
expressed as

v =g 4 (3-5)

wher e
Y, © unit weight of water
W, = dynanmic viscosity of water
d = aperture between smooth parallel plates

The volune flow rate per unit width, q , becones
—— d71 (3-6)

Conparison of the flow velocity equation with Darcy's law indicates that the
parallel plate perneability, k, , can be expressed by

v=ki (3-7)

de
w

wherekp=m— .
w
(2) Individual Fissure Tests. The mpjority of the laboratory tests
whi ch have been conducted, to date, have been on individual fissures. Tests
on individual fissures are perhaps the nost flexible of the |aboratory tests
for rock mass perneability. The tests are generally conducted at various flow
rates within the individual fissure and at various normal |oads to sinulate
the in situ effective stress flow conditions. The data are used to develop
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correlations for predicting the perneability under the anticipated in situ
stress and hydraulic gradient conditions. The permeability neasured from

i ndi vidual fissures provides direct input into discontinuum analyses and may
be applied to continuum anal yses under certain conditions. Before fissure
permeability, k; , can be determned, however, the fissure roughness nust be

incorporated into the equation for the parallel plate perneability, k, . To

accommodat e the roughness, the aperture between smooth, parallel plates, d ,
is replaced with an equivalent parallel plate aperture, e . Thus, the fissure
permeability is expressed by

v =k.,1i (3-8)

wher e kj = ywe2/12uw . Thus, it follows that the flow rate per unit wdth
becones

- e’ 1 (3-9)

The value of e can be determined fromflow experinments by rearranging the
above equation to the form

(12%‘1)1/3 (3-10)
e = 3-10
Ywi

Values for e are determined from laboratory tests on individual fissures,
and equations for the |amnar equival ent perneability have been devel oped
yi el di ng

Y (Cavg)
k = 3-11
e 1211w (bavg) ( )

wher e
e = average of individual values of e for fissures in the set under
avg  consideration
b = average of the individual spacing between fissures

avg
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Tests of individual fissures can also be analyzed for turbulent flow according
to the M ssbhach |aw

v = k!i (3-12)
J

where the volume flow rate per unit width can be expressed as

q" = kJ'.emi (3-13)

The turbulent coefficient of perneability thus given by

m
k! = 3— (3-14)
] m,
e 1
The degree of nonlinearity, m, is determned as the arithmetic slope of
log i versus log q (Ziegler 1976). For turbulent flow analysis the
equival ent parallel plate aperture, e , is estimated from analysis of the

linear portion of the q versus i curve given by

(3-15)

(3) Representative Sanple Tests. Another |aboratory approach to
measuring perneability is to test a representative sample from a rock nass.
The obvious difficulty with such tests, however, is the problem of obtaining a
representative specimen of reasonable dinensions. The tests may be conducted
as standard |aboratory perneability tests, but on a larger scale. In addition
to the standard perneability tests, small-scale pressure injection tests may be
conducted on such specinens, but only a limted anmbunt of success should be
expect ed.

(4) Evaluation of Methods of Analysis. Mdel tests, as well as the
testing of representative sanples, have only limted application and the
results are frequently subject to nuch speculation. Measured fissure pernme-
ability and conputed equivalent perneability can be directly applied to dis-

continuum and continuum anal yses, respectively. In general, laboratory tests
are normally representative of only a very small portion of the rock nmss under
consi der ati on. In addition, the results of such tests can be altered

significantly by either the control or the interpretation of the paraneters
involved in the test. Laboratory tests, therefore, should be used as a sup-
plenent to, rather than in lieu of, field tests.
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b. Interpretation from CGeologic Properties. Theoretical and enpirica
formul ae have been devel oped which relate perneability to geol ogic properties.
The paranmeters generally required for interpretation, or conputation, are the
average fissure aperture, the average surface roughness of the fissures, and
the average fissure spacing or nunber of fissures per given length. The
governing assunption for any interpretation by this method is that the rock
nmass perneability is controlled by fissures and that the fissures may be
model ed as equivalent parallel plate conductors. Extensive borehole |ogging
or observation and mapping of exposed surfaces is required for determning the
parameters to be used in the analysis.

(1) Analytical Procedures. If no laboratory tests are perforned to
determne an equivalent parallel plate aperture, an equivalent permeability can
be estimated solely from field data. The requirenents are core sanples for
determ ni ng surface roughness of fissures and borehole logging to determne the
fissure apertures and spacing. To evaluate the surface roughness of fissures
Louis (1969) defined a surface roughness index, S, as

=2 ;
s =12 (3-16)

wher e

mean height of the asperities on the fissure walls

y

a = mean fissure aperture

For S < 0.033 equations for |am nar equivalent perneability have been devel -
oped which yield

3
Y a
w av,
kK = ——— (3-17)
e 12uw (bavg)
where a = average of the individual values of a . For S > 0.033 equa-

avg
tions for the |am nar equival ent perneability have been devel oped which yield

3
k = Yw 1 (?avg)
e = 17y 1.5\ /b (3-18)
w <} + 8.8 S ’ ) ( avg)
avg

where S = average of the individual values of S . The above equations

av
gener at ed %y Louis (1969) are enpirical and are the result of nunerous pipe
flow experiments and separate tests of fissures with different roughness,
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model ed as openings between parallel slabs of concrete. In addition to |amnar
flow fornul ae, equations may be developed for turbulent flow for both the
hydraulically smooth and the conpletely rough flow regines.

(2) Evaluation of Method of Analysis. Conparisons of perneability
interpreted from geologic properties with perneability measured by other
met hods have indicated the potential for large differences between the com
puted and the actual perneability. Interpretations of perneability from fis-
sure properties are made difficult by obvious problems in measuring fissure
apertures and roughness.' Natural fissures can have complex surficial geom
etries and can only be observed in boreholes or exposed surfaces, which may be
disturbed during excavation. Potentially large discrepancies are possible, due
to the possibility of many fissures near the borehole being either exaggerated,
constricted, or discontinuous, due to the disturbance during drilling. Wile
interpretation of perneability from geologic properties is theoretically pos-
sible, the results should be used with caution.

c. Field Measurenents. By far the nobst accurate and nost reliable
technique for determning the perneability of a rock mass is that of field
testing. The use of field tests results in larger volunes of the rock nass
being tested and the tests are perforned under in situ conditions. Field
tests have generally been linmted to ground-water velocity measurenments, punp-
ing tests, and injection tests

(1) Ground-water Velocity Measurenents. The equivalent perneability can
be conputed for a rock mass by neasuring the ground-water velocity and the
hydraul i c gradient when certain criteria are nmet. It nmust be assumed that
steady-state horizontal flow intersects the well and flow is governed by
Darcy's law. There are several techniques available for measuring ground-water
velocity downhol e as discussed bel ow.

(a) Tenperature Probes. The velocity of ground water noving through a
borehole may be determined with the use of tenperature probes or sensors. Such
devices consist of a small heater strip or coil mounted beneath a thernistor.
The amount of heat dissipated is a function of the ground-water velocity, and
properly calibrated, the devices can sense very |low velocities (below
1 ft/mn). The directional conponents of flow may be obtained by rotation of
the device or by the construction of orthogonal flow channels within the device
itself.

(b) Flowneters. \When conditions of high ground-water flow rates are
encountered, snmall horizontally mounted commercial flowneters nmay be placed
downhol e for measuring the velocity. The direction of flow may be determ ned
by varying the orientation of the flowreter

(c) Tracer Tests. Tracer tests involve the injection of an inert solu-
tion, or tracer, into an existing flow field via a borehole or well. Tracer
tests are often desirable because they are passive-type tests and do not place
unnatural stress conditions on the flow system The dilution rate of the
tracer at the injection well or its time of travel to another well can be used
to calculate the ground-water velocity and ultimately the perneability. Detec-
tion of the tracer, or concentration neasurenents, can be made by either
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manual or probe sanpling. Cenerally, the probe nethod of sanpling is desirable
to avoid any disturbance to the flow system due to sanple extraction. The
“travel time" tracer tests normally involve large portions of the rock mass,

and thus have the advantage of averaging the effects of exceptionally high- or

| ow-perneability zones within the mass. The dilution nmethod of testing is
particularly applicable to determining perneability profiles within a single
borehole by injection of the tracer into borehole sections isolated by packers.
Commonly used tracers are radioisotopes, salt solution, and fluorescent dyes.

(d) Methods of Analysis. Downhole ground-water velocity neasurenent
devi ces such as a tenperature probe or flowreters neasure the Darcy velocity or
di scharge according to his original equation, expressed as

v =k 1 (3-19)

or

v o= ki (3-20)

Wth the hydraulic gradient determ ned fromobservation wells in the area, the
perneability can be conputed directly. For tracer tests the seepage velocity
is determned according to the equation

dw
v, = (3-21)
r
wher e
dy = distance between injection well and observation well
t, = tracer travel tinme between wells
Using the relationship
v=vn (3-22)
vn==%ki1 (3-23)
] e
v.n dw n
e TTT TR 1 (3-24)
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In analyzing a tracer dilution test, the flow velocity, v, is related to the
rate at which the tracer concentration dimnishes within the test section of
the injection well. For an assumed honpbgeneous isotropic porous nedium the

velocity is determined fromthe followi ng equation given by Lewis, Kriz, and
Burgy (1966).

mw, &n (C))
=4  r ]
v = 8td (3-25)

wher e
wy = well dianmeter
C, = ratio of the final to the initial tracer concentration
ty = dilution time period

Analysis of dilution tests in fractured and fissured rock nasses is nade by
applying the parallel plate anal ogy.

(2) Punping Tests. Punping tests have beconme an established nmeans of
determining the perneability of hydraulic characteristics of water bearing
materi al s. In a punping test, water is punped froma well normally at a
constant rate over a certain time period, and the drawdown of the water table
or piezonmetric head is measured in the well and in piezoneters or observation
wells in the vicinity. Since punping tests, as with tracer tests, involve
| arge volunes of the rock mass, they have the advantage of averaging the
effects of the inherent discontinuities, such as joints, fissures, fractures,
etc. Mst classical solutions for punp test data are based on the assunptions
that the aquifers are honpgeneous and isotropic, and that the flow is governed
by Darcy's law. Applications of such solutions to interpretation of punping
tests in rock masses have resulted in varying degrees of success. For cases
where the normal solutions have proven to be unsuccessful or inadequate
mat henat i cal nodel s have been devel oped which are capabl e of nodeling the flow
regime in various types of rock masses. Wth punping tests, the mmjor dis-
advantage is the period of time required to performa test. Test durations of
one week or longer are not unusual when attenpting to approach steady-state
flow conditions. Additionally, large dianeter boreholes or wells are required
since the mpjority of the conditions encountered require the use of a downhole
punp.  The analysis of punping test results obtained from rock nasses is
general ly conpletely anal ogous to the analyses used in classical soi
mechanics.  Since such analyses are well-documented, they will not be pre-
sented here

(3) Injection Tests. Injection tests, which are the reciprocal of
punping tests, comonly involve the steady-state transmission of a fluid from a
borehole into the surrounding nmedium The perneability of a rock nass can be
related to the relationship between the injection pressure and the flow rate
Equations and techniques have been devel oped for both the steady-state and the
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unst eady-state conditions and for using either air or water for injection
Met hods of analysis of pressure injection tests are presented in Appendix C.

(a) Water Pressure Tests. Water pressure tests, also known as packer
tests (in Europe they are called Lugeon tests) are normally conducted by
punping water at a constant pressure into a test section of a borehole and
measuring the flow rate. Borehole test sections are commonly sealed off by
one to four packers, with the use of one or two packers being the nobst widely
used technique. In conmparison with a punping test, a water pressure test
affects a relatively small volunme of the surrounding medium because frictiona
losses in the immediate vicinity of the test section are normally extrenely
large. The test, however, is rapid and sinple to conduct, and by performng
tests within intervals along the entire length of a borehole, a perneability
profile can be obtained. Additionally, the water pressure test is normally
conducted in NX boreholes, and has the advantage of being conducted above or
bel ow the ground-water table.

(b) Air Pressure Tests. Air pressure tests are simlar to water pres-
sure tests except that air rather than water is used for the testing fluid.
The air pressure test was developed for testing above the ground-water table
and has predoninantly been used for testing areas of high perneability such as
those characteristic of rubblelike, fallback material adjacent to explosively
excavated craters in rock. In such areas, water pressure tests have been
i nadequate due to an inability to provide water at a flow rate high enough to
pressurize the surrounding nedia. Ar pressure tests have an unlinited supply
of testing fluid, as well as the advantage of a wi de variety of high capacity
air conpressors. The disadvantage of such tests is that perneability equations
nmust be nodified for application to a conpressible fluid and a conversion from
the air perneability to a water perneability nmust be made to obtain usable
resul ts.

(c) Pressure Holding Tests. Pressure holding or pressure drop tests are
usual ly conducted in conjunction with water pressure tests. The test is
anal ogous to the falling head test used in soil mechanics; however, in rock
the test section is normally pressurized to a value above that of the static
head of water between the test zone and the ground surface. The pressures are
normal |y nmeasured in the test section with a transducer, and pressures versus
time are recorded. The pressure holding test offers the advantage of being
quick and sinple to perform as well as requiring significantly less water
than that used in conventional constant pressure tests.

3-4. Applications of Rock Mass Perneability.

a. Assessnment of Ground-water Moyvenents. The perneability of a danis
foundation or abutnents is one of the controlling factors in the novenent of
ground water; therefore,. a valid assessnent is inperative. The rock mass
perneability of the dam foundation or abutnent has nunerous applications, each
having potentially significant inpact on the design or safety of the
structure.

(1) Seepage Patterns. Seepage patterns which are expected to devel op
after inpoundment of a reservoir should be evaluated during the design phase of
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a dam  Seepage patterns which do actually develop after a reservoir is in
operation provide valuable data for an evaluation of the as-built performnce
of any cutoff or relief nmeasures, sources and exits of seepage, and input for
planning required remedial neasures, such as additional cutoffs, drains, etc.
In rock nmasses, generally, the overall trend of the seepage patterns can be
determined by the continuum approach; however, in some cases, a detailed
analysis of a specific seepage problem requires the use of a discontinuum
appr oach.

(2) Flow Rates. Gven the perneability and gradient, the flow rate
across a given area can be conputed. Wth the effective porosity, the rate of
advance of a seepage front can be determned. Gound-water flow rates are
required for determning construction dewatering requirenents for both surface
and subsurface excavations, as well as the seepage |osses through dam founda-
tions and abutnents.

b. Foundation and Abutment Drainage Requirenents. The perneability of
a dam's foundation and abutments is the major factor involved in evaluating
drainage requirenents. Accurate and reliable rock mass perneability measure-
ments are required in the design phase for deternmning the necessity for, and
extent of, cutoff, vertical drains, drainage blankets, relief wells, etc.
Post construction problems with |eakage, excessive uplift pressures, etc., also
require an in-depth evaluation of the flow of the water in a foundation or
abut nent . Eval uations of drainage or relief requirements are generally
directed toward specific areas and, in nmpst cases, while a continuum approach
can give satisfactory approximtions, the discontinuum analysis is required
for describing the flow characteristics in details.

¢c. Gouting Requirenents and Effectiveness. Consistent wth determning
the drainage requirenents for a structure, the perneability is also useful for
estimating the grouting requirements. In the design phase of a damthe
requirenents for cutoff or grouting, and drainage or relief, conplinment each
other and are balanced to obtain a desired seepage pattern and uplift pressure
distribution beneath or within the structure. In foundations, and particularly
in abutnents, perneability measurements can indicate possible solution chan-
nels, faults, fissures, or other highly permeable zones which require grout-
ing. |If perneability tests are conducted at a given location, both before and
after a grouting operation, an evaluation of the grouting effectiveness can be
made. Such tests should be conducted as a matter of routine since they will
either establish a confidence level or indicate the need for additional
grouting.

d. General Considerations. The application of rock mass perneability
to seepage control methods and eval uations has becone increasingly useful as
more conplex nethods of analysis evolve.

(1) Index Tests. The determnation of rock nass perneability for dam
foundations and abutments has historically been used nore as an index test
than as an absolute test. As the state of the art advances this trend is
gradual ly changing. Wile index tests are a valuable tool to the experienced
foundati on engineer, nore conplex nethods of analysis are becoming available
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which allow a conpl ete eval uation of the nechanisns involved as water flows
through a fractured or fissured rock nass.

(2) Continuum Anal yses. The accuracy of continuum approxi mations of
perneability is dependent upon the geology and the size of the area under
consi deration. In general, continuum analyses provide average perneabilities
or regional perneabilities in which the assunptions of isotropy and honpgene-
ity can be used in a gross sense. Froma practical point of view the continuum
approach has been and continues to be a useful tool for evaluating rock mass
perneability.

(3) Discontinuum Anal yses. Recently the discontinuum approach to
determning perneability has become nore and nore promsing. As techniques for
determning individual fissure perneabilities advance, the availability of
better nodeling techniques increases, and understanding of the influences of
orientation, spacing, apertures, and surficial geometries of fissures and fis-
sure sets increase, the discontinuum approach to determ ning rock mass permne-
ability becones nore reliable.
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CHAPTER 4
SEEPAGE PRI NCI PLES

4-1. Ceneral Considerations. Seepage as used in this manual is defined as
the flow of water through honpgeneous saturated soil under steady-state condi-
tions. Additionally, the soil particles, soil structure, and water are
assuned incompressible and flow obeys Darcy's law. Thus transient conditions
such as a wetting front or other novenent of water in unsaturated soil, con-
solidation, and subsidence are not considered for analysis. Principles which
characterize nmoverment of energy through conducting nedia also apply to the
movenent of water through soils. Seepage has been npdeled for study by using
flow of electricity and heat. Both conditions are governed by Laplace's equa-
tion in honbgeneous nedia. As explained in Chapter 2, water noves froma

hi gher energy state to a |lower energy state, and in seepage the difference in
energy states is the anmount of energy required to nmove the water through the

soil, i.e., to overcome the soil's resistance to the flow of water. Chapter 4
will consider factors controlling seepage, equations describing seepage,

net hods of determining pressure distribution and pressures at particular points
in the soil, and seepage quantities. For exanple, in figure 4-1(a): What is

the uplift pressure at point 5?2 How much water will exit at point 8? How
fast? WIIl the sand at point 8 be eroded? |If the sheet pile at point 6 is
removed, how will it affect pressure distribution beneath the danf?

4-2. Boundary Conditions.

a. Basis. The saturated soil which is considered for analysis nust be
defined by boundaries, perneability of the soil, and heads inposed upon the
water. This section considers the types of boundaries which may define a
particular porous soil mass considered for analysis. The nature and |ocation
of these boundaries are deternmined by a soils exploration program assunptions
based on engineering judgment and conditions inposed by the proposed design.
Normal Iy, sinplifying assunptions are required in order to establish boundaries
which will make analysis feasible. Generally, seepage analysis problens
associated with dans will involve four possible types of boundaries (Harr
1962). Exanples of the four general types of boundary conditions are shown in
figure 4-1.

h. Inpervious Boundaries. The interface between the saturated, per-
vious soil mass and adjacent materials such as a very |ow perneability soil or
concrete is approximated as an inpervious boundary. It is assuned that no flow
takes place across this interface, thus flow in the pervious soil next to the
i npervious boundary is parallel to that boundary. In figure 4-1, lines AB and
1-8 are inpervious boundaries.

¢c. Entrances and Exits. The lines defining the area where water enters
or leaves the pervious soil mass are known as entrances or exits, respec-
tively. Along these lines (Ol and 8-Gin figure 4-1(a) and AD and BE in
figure 4-1(b)) are lines of equal potential; that is, the piezonetric level is
the same all along the line regardless of its orientation or shape. Flowis
perpendicular to an entrance or exit. Entrances and exits are also called
reservoir boundaries (Harr 1962).
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Figure 4-1. Exanples of boundary conditions (courtesy of
McG aw Hi | | Book Conpany 180)

d. Surface of Seepage. The saturated pervious soil mass may have a
boundary exposed to the atnpsphere and allow water to escape along this
boundary, line GE, figure 4-1(b). Pressure along this surface is atnospheric.
The surface of seepage may also be called a seepage face

e. Line of Seepage. Known also as the free surface, this boundary is
| ocated within the pervious soil where water is at atnospheric pressure
line DG figure 4-1(b). Because of capillary forces, the saturated zone of
pervious soil extends slightly above the |ine of seepage, but this capillary
zone rarely has significant influence on seepage analysis. \Wereas the first
two boundaries are normally defined by the geometric boundaries of the satu-
rated porous soil nmss, the line of seepage is not known until the flow dis-
tribution within the pervious soil is known. Again, as for an inpervious
boundary, the assunption is made that no flow takes place across the |ine of
seepage, thus flowin the pervious soil next to this boundary is parallel to
t he boundary.

4-3. Confined and Unconfined Flow Problens. Two general cases of seepage are
considered in this manual: confined and unconfined flow  Confined flow
exists in a saturated pervious soil mass which does not have a |ine of seepage
boundary. Figure 4-1(a) is an exanple of confined flow.  Unconfined flow,
figure 4-1(b), exists when the pervious soil nass has a |line of seepage. Thus
confined flow has all boundaries defined while for unconfined flow the surface
of seepage and line of seepage nust be defined in the analysis.

4-2



EM 1110-2-1901
30 Sep 86

4-4, Laplace's Equation.

a. Seepage Analysis. In order to do a seepage analysis, a genera
model describing the phenomena of seepage nust be available. Supplied wth
specific boundary conditions and soil properties, this nmodel can be used to
determne head and flow distribution and seepage quantities. The Lapl ace
equation is the mathematical basis for several npdels or methods used in

seepage anal ysis.

b. Basis of Laplace's Equation. Figure 4-2 shows a general seepage
condition from which an element is taken. Devel opment of Laplace's equation

depends on six assunptions:

(1) Heads h1 and h2 are constant and thus flow is steady state

(2) Water is inconpressible.

(3) Volume of voids does not change--soil is inconpressible.

(4) Flow is lamnar--Darcy's |aw applies.

(5) The elenent has a dinension, dy , into the plane of the figure
whi ch gives an el ement volurme but no flow takes place perpendicular to the
plane of the figure, i.e., the flow is two-dinmensional

(6) The saturated pervious soil stratum is honpbgeneous. From
figure 4-2(b) let

ViV, = conponents of discharge velocity in x and 2z directions,
respectively

iX = - %% hydraulic gradient in the x direction
dh . . . . .
iz ==z hydraulic gradient in the z direction

(The minus sign indicates that gradient is in a direction opposite increasing
pi ezonetric head.) Assunptions 1, 2, and 3 assure continuity of flow which
means that water entering the element per unit of tine, gq. (where g. = v,

dz dy + v, dx dy) equals water leaving the elenment per unit of tine, q,

v ov
_ X z -
(where q = v, dz dy + e + dx dz dy + v, dx dy + T dz dx dy). Setting

q, equal to q, gives:
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Bvx avz
-—a—}zdxdz dy+—-§Edz dx dy = 0
or
Bvx sz
x 3z 0 (4-1)

Using Darcy's law, v = ki and assuming the same perneability in the x and
z directions:

9
V=ki=k‘a'h
X X X
d
v, =ki = -k go
X z z

kh is called a potential or velocity potential and is normally given the
symbol ¢ . Thus

® = kh
and
R Ak ]
Vs T T % Yz T T &g
Substituting into equation 4-1 gives
o’ 3% _ v
a2 852 (4-2)

which is a formof the Laplace equation for |amnar, two-dinensional flowin
homogeneous, isotropic, porous nedia. The devel opment here follows Terzaghi
1943. Rigorous devel opnents can be found in Bear 1972, Cedergren 1977, and
Harr 1962
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b. Element of soil

Figure 4-2. Flow of water through saturated pervious soi
beneath a hydraulic structure (courtesy of John Wley and

Sons?™)

4-5.  Methods for Solution of Laplace's Equation. Solutions to steady-state

| aminar flow, seepage problens must solve Laplace's equation. Several nethods
have been developed to solve exactly or approximately Laplace's equation for
vari ous cases of seepage, figure 4-3 (Radhakrishnan 1978). One of the nopst

wi dely used methods, the flow net, can be adapted to many of the underseepage
and through-seepage problens found in danms and other projects involving
hydraulic structures. This nmethod will be covered in detail in Section 4.6.

a. Models. Models which scale or sinmulate the flow of water in porous
nedi a can provide a good feel for what is occurring during seepage and allow a
physical feel for the reaction of the flow systemto changes in head, design
geonetry, and other assunptions. Appendix B contains exanples of the various
model types.

(1) As previously nentioned, processes which involve novenent of energy
due to differences in energy potential operate by the sane principles as
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movenment of confined ground water. These processes include electricity and
heat flow which have been used as seepage anal ogies. Electrical anal ogi es have
proven particularly useful in the study of three-dinensional problens and in
probl ens where geometric complexities do not allow adequate sinplifying

assunptions for analytical methods. "Wet" electrical analogies normally use a
conducting aqueous solution or gel to nodel the volume of the confined, satu-
rated, porous soil. Wt nodels are well suited to projects where an irregular

structure penetrates a confined aquifer. By probing the gel or solution when
a set potential or voltage is applied across it, electrical potential can be
determined at various points of interest in the nodel aquifer (MAnear and
Trahan 1972, Banks 1963, 1965). When field conditions can be characterized by
a two-dinmensional plan or section, conducting paper nodels may be used to

i nexpensively deternmine the effect of various configurations on the flow and
pressures in the aquifer, figure 4-4 (Todd 1980).

(2) Sand nodels which may use prototype nmaterials can provide inform-
tion about flow paths and head at particular points in the aquifer. The sand
or porous material nay be placed underwater to provide a honpgeneous condi-
tion, or layers of different sand sizes may be used to study effects of inter-
nal boundaries or layers. |If the flow is unconfined and the same naterial is
used for nodel and prototype, the capillary rise will not be scaled and nust
be compensated for in the nmobdel. Flow can be traced by dye injection and
heads deternmined by small piezoneters. Disadvantages include effects of
| ayering when the porous material is placed, difficulty in nodeling prototype
perneability and boundary effects. Prickett (1975) provides exanples of sand
tank nodels and discusses applications, advantages, and disadvantages.

(3) Viscous flow nodels have been used to study transient flow (e.g.
sudden drawdown) and effects of drains. This nethod depends on the flow of a
viscous fluid such as oil or glycerin between two parallel plates and is nor-
mal |y used to study two-dinensional flow. As with sand nodels, dye can be
used to trace flow lines." Construction is normally conplicated and operation
requires care since tenperature and capillary forces affect the flow  Flow
nmust be laminar, which can be difficult to achieve at the boundaries or at
sharp changes in boundary geonetry.

b. Analytical Methods.

(1) Harr (1962) explains the use of transformations and napping to
transfer the geonetry of a seepage problem from one conplex plane to another.
In this manner, the geonetry of a problem may be taken from a plane where the
solution is unknown to a plane where the solution is known. VWile this nethod
has been used to obtain solutions to general problens it is not frequently
used for solutions to site-specific seepage problems since it requires the use
of conplex variable theory and proper choice of transformation functions.

(2) Pavl ovsky (1936, 1956) devel oped an approxi mate method which all ows
the piecing together of flow net fragments to develop a flow net for the tota
seepage problem This nethod, ternmed the Method of Fragnents, allows rather
conplicated seepage problenms to be resolved by breaking them into parts,
analyzing flow patterns for each, and reassenbling the parts to provide an
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CONDUCTING PAPER/ EQUIPOTENTIAL LINES
(a)
ELECTRODE -
FLOW LINES -
A
CONDUCTING PAPER = ™~ ELECTRODE
(b)
Figure 4-4. Use of two-di nensional conducting paper to find flow
l'ines and equipotential lines (courtesy of John Wl ey
and Sons 219)

overall solution. Appendix B contains details of the Methods of Fragnents
based on Harr's (1962) explanation of Pavlovsky's work.

(3) Closed form solutions exist for sinpler seepage conditions such as
flowto a fully penetrating well with a radial source (Miuskat 1946). Seepage

probl ens associated with dans typically require approxi mate sol utions because
of complicated flow conditions.
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¢c. Nunerical and Conputer Methods. Conputer npdels are used to make
acceptabl e approximations for the Laplace equation in conplex flow conditions.
The two primary nethods of numerical solution are finite difference and finite
el ement . Both can be used in one-, two-, or three-dinensional nodeling.
Several conputer programs for these methods are available within the Corps of
Engi neers (Edris and Vanadit-Ellis 1982).

(1) The finite difference nmethod sol ves the Laplace equations by
approximating themwith a set of linear algebraic equations. The flow region
is divided into a discrete rectangular grid with nodal points which are
assigned values of head (known head values along fixed head boundaries or
points, estimated heads for nodal points that do not have initially known head
values). Using Darcy's law and the assunption that the head at a given node
is the average of the surrounding nodes, a set of N linear algebraic equa-
tions with N unknown val ues of head are devel oped (N equal s nunber of
nodes) . Sinple grids with few nodes can be solved by hand. Normally, N is
large and relaxation nethods involving iterations and the use of a conputer
must be applied. Appendix B provides details of this method.

(2) The finite element nethod is a second way of nunerical solution.
This method is also based on grid pattern (not necessarily rectangular) which
divides the flow region into discrete elenents and provides N equations wth
N unknowns. Material properties, such as perneability, are specified for
each element and boundary conditions (heads and flow rates) are set. A system
of equations is solved to conpute heads at nodes and flows in the elenents.
The finite element has several advantages over the finite difference nethod
for nmore conplex seepage problens. These include (Radhakrishnan 1978):

(a) Conplex geometry including sloping |ayers of material can be easily
accommodat ed.

(b) By varying the size of elements, zones where seepage gradients or
velocity are high can be accurately nodel ed.

(c) Pockets of material in a |layer can be nodel ed.

4-6. Gaphical Mthod for Flow Net Construction. Flow nets are one of the
most useful and accepted nmethods for solution of Laplace's equation (Casagrande
1937). If boundary conditions and geonetry of a flow region are known and can
be displayed two dinmensionally, a flow net can provide a strong visual sense
of what is happening (pressures and flow quantities) in the flow region.
Equation 4-2, paragraph 4.4, is an elliptical partial differential equation
whose solution can be represented by sets of orthogonal (intersecting at right
angles) curves. (One set of curves represents flow paths of water through the
porous nedia while curves at right angles to the flow paths show the |ocation
of points within the porous nedia that have the same piezonmetric head. The
former are called flow lines, the latter equipotential lines. The flow net is
a singular solution to a specific seepage condition, i.e., there is only one
famly of curves that will solve the given geonetry and boundary conditions.
This does not nean that a given problem will have only one flow net--we may
choose fromthe famly of curves different sets of curves to define the
problem figure 4-5. The relationship between the nunber of equipotenti al
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drops, N, , and flow channels, N |, does not change. A brief study of

figure 4-5 will provide a feel for where quantity of flow is greatest,
velocity highest, and gradient highest, i.e., in the area of the porous soil
nearest the sheet pile (flow channel 4, figure 4-5(a); flow channel 5,
figure 4-5(b)). This section draws upon several publications which give

-
HEADWATER ¢ HEADWATER o
. SHEET PILE SHEET PILE
Nt = 4 i Nf = 5 -
Ng = 8 Ng = 10
7 TAILWATER g TAILWATER
A A Bil D E
1 10
4\5
3
2 9
AL X8
F (b) G
a. Net drawn for four flow b. Net drawn for five flow
channel s. channel s.
Figure 4-5. Flow net for a sheetpile wall in a perneable foundation

(fromU S. Arny Engineer District, Little Rock®)

detailed explanation of flow net derivation and draw ng instructions
(Casagrande 1937; Cool ey, Harsh, and Lewis 1972; Soil Conservation Service
1973; and Cedergren 1977). (One of the best ways to devel op an understanding of
seepage and flow nets is to study well-drawn flow nets found in these and other
references and to practice drawing them

a. Assunptions for Flow Net Construction. In order to draw a flow net,
several basic properties of the seepage problem nmust be known or assuned:

(1) The geonetry of the porous nmedia nust be known.
(2) The boundary conditions nust be determ ned (see paragraph 4.2).

(3) The assunptions required to devel op Laplace's equation nust hold
(see paragraph 4.4b).

(4) The porous nmedia nust be honpbgeneous and isotropic (anisotropic
conditions are dealt with in paragraph 4.7).
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b. @Quidelines for Flow Net Drawi ng. Once the section of porous nedia
and boundary conditions are determned, the flow net can be drawn follow ng
general guidelines

(1) Deternmine flow conditions at the boundari es:

(a) Floww Il be along and parallel to inperneable boundaries |ines BCD
and FG figure 4-5

(b) Entrances and exits are equipotential lines, lines AB and DE
figure 4-5 with flow perpendicular to them

(c) Floww Il be along and parallel to a line of seepage--line AB
figure 4-6.

12 12 iz 1z 12
Figure 4-6. Seepage through an enbanknent
underlain by an inperneable foundation

(courtesy of John Wley and SonslS&

(d) Entrance and exit conditions for a line of seepage are shown in
figure 4-7 under "Conditions for Point of Discharge."

This will provide a feel for the flow net

(2) Equipotential and flow lines nust neet at right angles and make
curvilinear squares. Usually, it is best to nake either the nunber of flow
channel s a whole nunber (if the nunber of flow channels is a whole number, the
nunber of equipotential drops will likely be fractional)

(3) Cenerally, a crude flow net should first be conpleted and adj ust-
ments applied throughout the net rather than defining one portion since
refinement of a small portion tends to shift the whole net.

(4) The initial enphasis should be on getting intersections of flow
lines and equipotential lines at 90°, then shifting lines to form squares

(5) If, in the finished flow net, either equipotential drops or flow
channels end up as a whole nunmber plus a fractional line of squares (equi-
potential drop or flow channel), this should not be a problem but nust be used
in any calcul ations based on the flow net. It is convenient to locate a par-
tial equipotential drop in an area of uniform squares since this wll nake
accurate estimation of the fraction easier.
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L _L—Hon'zonla/
- Seepoge lines- ~>:~j\\
Entronce tangent to
foce — - -— horizontol,
b7 )f
ITI3ITIYITT TeT42i00047244745700402477 FiNTIrTTTITITITIITTTIYYTIT
Y <30° Y =50 Y>90°*

CONDITIONS TTOR JINT OF ENTRANCE

~Discharge face

Secepoge line fon
te discharge foce.

-7 an, to verticol or
dischorge point

a< 9Q° az=9Q° a>90° a=180°
CONDITIONS FOR POINT OF DISCHARGE

Figure 4-7. Entrance and discharge (exit) conditions for a
line of seepage (courtesy of New England Waterworks

Associ ation *°%)
(6) Use only enough flow |ines and equipotential lines to bring out
flow net definition. If more information is needed in particular areas, the

squares may be subdivided into smaller squares for nore detail of flow and
pressure distribution.

(7) As shown in figure 4-6, equipotential line intersections at a line
of seepage, line AB, and a surface of seepage or discharge face, line BC, are
controlled by elevation since pressure is atnospheric along these |ines.
Along the discharge face BC, the equipotential lines and flow lines do not

form squares since the discharge face is not a flow line or an equipotential
line but a line at atnospheric pressure and changing elevation potential.

(8) Figures 4-7 and 4-8 provide some guidelines for entrances and exits
and particular areas within the flow region.
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For foundations, furthermost upstream and down- \
stream flow lines and equipotential lines should .
intersect at or near the center of the pervious A
foundation. //\
V4 S SS I s 77

The flow line and equipotantial line nearest an
angle should intersect on the bisector of the
angle.

Same as (b) except for an upstream toe on an
impervious foundation.

2:1 length ratios to establish shape of the /
. NN N N N N

“square” in a pervious foundation at the toe of S
an impervious fill. \ i "

2:1 length ratios used with angle bisectors to
shape flow around an imbedded 90-degree angle. \\e

2:1 length ratios to establish flow directions
beneath a thin cutoff wall taken to the midpoint
of the pervious stratum. N 2 -

Subdivide to check odd-shaped "squares”. Re- } T
sulting smaller odd-shaped "squares” should /
have the general shape of the one subdivided. :

~

Figure 4-8. (Quides for flow net construction (from U S. Departnent

of Agricult ure123)
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(9) It is helpful to lay out the boundaries which will contain the flow
net in ink and use a soft pencil and eraser to develop the flow net to fina
form

(10) Accuracy of squares may be checked by draw ng diagonals for a
square or subdividing the square by sketching an additional flow |line and

equi potential line orthogonal to it (ad infinitum. The diagonals should be
snooth curves intersecting at right angles. Also, if the intersection of
two flow lines and two equipotential lines is a square, a circle, tangent to

each of the sides, may be inscribed within the square

(11) For calculation of seepage quantity only a crude flow net is
required. Accurate flow nets are required to deternmine pressure distribution.

4-7. Flow Net for Anisotropic Soil. Mst naturally occurring soils and many
man- pl aced soils have greater horizontal permeabilities than vertical. This
affects the shape of a flow net since the flow net provides a solution to
Lapl ace's equation which is based on the assunption of an isotropic porous
medi a (paragraph 4.4b). To conpensate for anisotropy, the dimensions of the
porous nedia are changed by the square root of the ratio of the two perne-
abilities. If k;, is the horizontal perneability and k, is the vertica
perneability, then the horizontal dinensions of the porous nedia cross section
are changed by a ratio of vk_/ ., €.¢., if the base of a damis 300 feet,
then it would be changed by‘% factor of vk_/k_, or would be 300 feet times
/kv/kh . The sane ratio would be applied fo arl other horizontal dinensions

to produce a transformed section. Next the flow net is drawn on the trans-
fornmed section, as described in paragraph 4-6. Then the section, including the
flow net, is returned to the original (true section) which produces a nonsquare
flow net. Conputations are made using the nonsquare flow net just as a square
flow net is used for isotropic conditions. This procedure is illustrated in
figures 4-9 and 4-10. In the sane manner, dimensions in the vertical direction
could be changed by the factor »/kh/kv , square or normal flow net drawn

on the transfornmed section, then returned to true section. Pore pressure
di stribution and hydrostatic uplift may be taken fromeither section while
gradi ent and magnitude of seepage forces nust be determned fromthe true
section.

4-8. Flow Net for Conposite Sections. Commonly, projects requiring seepage
anal ysis involve different soils with different perneabilities, e.g., strati-
fied foundation materials and zoned danms. Certain rules apply to flow lines

equi potential lines, and lines of seepage crossing internal boundaries between
soils of different permeabilities. Figure 4-11 illustrates the deflection of
flow lines and equipotential lines at interfaces. The essential principle is

that the nore perneable soil allows the same amount of water to flowwith |ess
restriction, thus drops in potential within the higher perneability soil wll
be farther apart (i.e., less energy loss in the higher perneability soil for
the sane length of flow as in the low perneability soil). It should be noted
in figure 4-11 that when flow goes from|ower perneability soil to higher
perneability soil, the distance between flow |ines decreases (flow channel gets
smal ler) and the distance between equipotential drops increases, Figures 4-12
t hrough 4-14 are exanples of flow net construction for seepage through soils of
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a.  True section for k, = k, and transforned section for anisotropic
condi tions. ) .
— Sheet pile
< wall
b
4 3 2 ' 2a 1
| x | ]
kh - 4kv / \
b. True section for flownet in afor k, = 4k,
o
3 2 ] 34 1
| | ﬁ\ /T
>< —
>< s
c. True section for flow net in a for k,= 9k,
Figure 4-9. Flow nets constructed on transforned section and redrawn on true

section (courtesy of John Wley and Sons155
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equipotential

Uppermost

A flow line

F

Minimum
equipotential\
G

L - - Y——-I\)\-,QO':‘ 90':1 g:i f ;
» L4 * 18 :
lines ks S0 Q90 90 & l— Shest pite wal ow mesI
<~ 0
k Equipotentials @JJ:;.
! , Y £ ' Lcngest flow line
——J_ ______ e T i s s BF SR K —>-
a. ldentify boundaries Impervious
ky = 5k ~—__
- d
k2
e=kp d < f / £=22
‘|
Squere ' s “Ngquares
k; X
b. Determne deflection of flow net at interfe{ce bet ween soils with
different perneabilities.
5 m |a 0
J 7
ko 4
/, /l 7 I~~~
yl L ~ I
7/ 7/ -~ -
\,I /I y -~ Se
\‘ ~ >
k1 / 17‘"“ ’-~_,_’_ ):\_>( \\
II !/ 1’ L ‘1 \l; 1
. ' 0.2
¢c. Trial flow net
Equipotential number\
48+ 0 }
‘\ ,/
N\ s
H 4 T E < T I
/ xc, N/,
ky / N N\
/ ! \_x \
1 / y o\ \
4.8 46 44 42 4 3 2 10806 04 0.2
d.  Final flow net
Figure 4-12. Flow net construction for a conposite section

(courtesy of John Wley and Sons
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Water surface P
—_— n f = 09
k. ng=17
2 2 A e /A A /A
' Foundation ks = 0.1k,

(Assumed zero for
this flow net)

a. Construct flow net assuming an inperneabl e foundation.

< N 77 9w \ & 7 T
\ x S
\ NS TEUNS )
\ /] T \N 7/
L i\ ¥
/ >~ / ! { \ -\
/ F=t—-—7--1 \
/ | I \ \
] ! | 1 | \
b. External equipotential lines into foundation without adjusting |ines of net
in dam
ny = 1.32 (using k)
ng=17
¥ C 7 l |
\ 7/ /
\ / /
\ d /
N - /
7
-
-
c. Adjust flow net until bal anced.
Figure 4-13. Flow net construction for enbanknent on a foundation of |ower

perneability (courtesy of John Wley and Sons')
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k . {Assumed zero for
Water surface this flow net)

.

> I“M///’/// UAdAS 7SI PI IS S AL LS4 86T £ 7SI 4AL 4 4F —

kg = 10k,

|

a. Construct flow net assuming inpermeable enbanknent

P Incompatitle <ondition

= 5 %::_ﬁ%hat must be sorrected
1

v -
—
5

w 4 §f"
"’\f_:;jf . < Vi

\\
\~>
— =

1 .

N

b. Extend equipotentials up into dam locating initial position of
line of seepage

— 4\————-—-—
[ TT~—
10

20
28

¢c. Adjust flow net to neet basic flow net requirenents.

Figure 4-14. Flow net construction for an enbankment on a foundation

of higher pernmeability (courtesy of John Wley and Sons )
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differing perneabilities. In all cases, flow lines and equipotential |ines
maintain continuity across the interface between the soils though direction
wi |l change abruptly. Additionally, the number of flow channels must remain
constant throughout the flow net. For the two exanples of enbanknents with
foundations of differing perneabilities, figures 4-13 and 4-14, the flow is
more or less parallel to the interface, and the nore pernmeable zone will

dom nate flow | ocation and quantity. Because of this, the flow net can be
started by assuming all flow goes through the nost perneable zone. Once this
flow net is drawn, it is extended into the lower perneability zone and refined
to meet the general flow net criteria of paragraph 4.6. Transferring a line of
seepage across the interface of soils of differing perneability, such as in a
zoned dam is nore involved than transferring of flow lines and equipotential
lines and will be described in Chapter 6.

4-9. Deternmination of Seepage Quantities, Escape G adients, Seepage Forces,
and Uplift Pressures. A flow net is a picture of seepage conditions under
given geonetry and boundary conditions. It explains how pressures are dis-
tributed and where flow is being directed. Coupled with the know edge of head
i mposed on and the perneability of the porous nmedia, the flow net can supply
important information about stability and flow quantity in two-dinensional

i dealization of the real situation.

a. Seepage Quantities. Each of the conplete flow channels passes an
equal volume of water per unit of time, while partial channels carry a propor-
tional flow Each of the conplete potential drops between equipotential Iines
is an equal portion of the total head, h , applied across the flow net with
partial drops having a proportionally smaller part. The number of flow chan-
nel's, including any partial channel, is given the synbol N while the nunber

of equipotential drops, including any partial drops, is given the synbol N, .
The ratio of N/N; is called the shape factor, 8, which is a characteristic
of the given geonetry and boundary conditions and perneability ratios (ki/ky,
k,/kp) . Quantity of flow per unit length through the porous media can be
determined by using Darcy's law, g = ki A and the shape factor. Total flow is

the sum of the flows through each flow channel, i.e., q =3aq = Nqu where q
is the total flow and aAqis the flow through each conplete flow channel. In
figure 4-10, q = Nqu = 6.65A0q . Since Ahis the head | oss between each
equi potential line (h = NdAh) and aAgis the dinmension of a flow net square:

and from the Darcy equation:
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where a is the area of the rectangle perpendicular to the flow direction.

If one side of the rectangle is one unit of length perpendicular of the plane
of the flow net, and the other dimension is A% , thus a = A2 (1) . This

| eads to:

Aq = k £2 A% (1) = kah (1)

= k2 (1)
d
Then:
q = Aqu
q=k h N, (1)
Nd f

k$h (1) or kgh

aQ
[

whi ch gives the quantity of seepage flow for each unit of thickness of porous
medi a perpendicular to the plane of the flow net. Figure 4-10(b) gives an
exanmpl e of this calculation for anisotropic seepage conditions in a dam
foundation. The perneability, k' , wused for anisotropic conditions,

b= v’kvkh » is derived by Casagrande (1937).

b. Escape and Critical Gadients. The escape or exit gradient, i, ,
is the rate of dissipation of head per unit of length in the area where
seepage is exiting the porous media. For confined flow, the area of concern is
usual Iy along the uppernost flow line near the flowexit, e.g., at the
downstream edge of a concrete or other inpermeable structure, figure 4-15
Escape gradients for flow through enbankments may al so be studied by choosing
squares fromthe area of interest in the flow net (usually at or near the exit
face and downstream toe) and calculating gradients. If the gradient is too
great where seepage is exiting, soil particles may be renmoved from this area
Thi s phenonenon, called flotation, can cause piping (the renoval of soi
particles by noving water) which can |lead to undermining and | oss of the
structure. The gradient at which flotation of particles begins is termed the
critical gradient, i, . Critical gradient is deternmned by the in-place
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unit weight of the soil and is the gradient at which upward drag forces on the
soil particles equal the submerged weight of the soil particles, figure 4-16
The critical gradient is dependent on the specific gravity and density of the
soil particles and can be defined in terns of specific gravity of solids, G
void ratio, e, and porosity, n :

Y' G (1 -mn)Y_ +ny =Y
S w w W

i =_IE
cr Y Y
w w
= GS(l ~-n)+n-1-= GS (1 -n) - 1 -n)
icr = (Gs - 1) - n)
. —n €
e = 1
or, Ssince T and n=1+e
e
n 1 +e
icr - (Gs - D (Z) =@, - D e
G -1
i =5

cr 1 +e

If typical values of G , e, and n for sand are used in the above

equations, i., wll be approximately 1. Investigators have recomrended
icr

ranges for factor of safety for escape gradient, FSg = 1 from1l.5 and 15,
e

depending on know edge of soil and possible seepage conditions. Generally,
factors of safety in the range of 4-5 (Harr 1962, 1977) or 2.5-3 (Cedergren
1977) have been proposed.

c. Heave. In some cases, movenent of soil at the downstream seepage
exit may not occur as flotation followed by particle-by-particle noverment. A
mass of soil may be lifted initially, followed by piping. This phenomenon is
cal | ed heave and occurs when the upward seepage force due to differential head
equal s the overlying buoyant weight of soil. Heave occurs under conditions of
critical hydraulic gradient. For field conditions, the point at which mninum
differential head offsets the overlying buoyant weight nust be determined by
judgnent and calculations. Terzaghi and Peck (1967) have eval uated the factor
of safety with respect to heave for a row of sheet piles. Resistance to heave
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AREA OF SOIL SAMP_E
LENGTH OF SOiL SAMPLE

— ,,i
l; 4

¢’/

r >

RPN Ym = UNIT WEIGHT OF SATURATED SOIL
L SRR Yo = UNIT WEIGHT OF WATER
et Y = Ym~Yw = BOUYANT UNIT WEIGHT OF SOIL
h = DIFFERENTIAL HEAD

R N " ic; = CRITICAL GRADIENT

FORCES ACTING ON PLANE A-A

FORCES DOWN, Fy = 7, LA  FORCES UP, F, = (h+L) ¥, A

WHEN Fy = F, FLOTATION TAKES PLACE WHICH IS THE

CONDITION FOR CRITICAL GRADIENT, i,

Ym LA = (h+L) 7, A

TYm _h+l _h

T L L

n 7m_1_7rn'7w 7n~;_i

L 7w 7W 7W cr
A/ ’

THUS WHEN | =-:—’_=7-—THE GRADIENT IS CRITICAL (i)
w

Figure 4-16. Definition of critical gradient (prepared by MVES)

may be devel oped by placing very pervious material on the exit face, which will
allow free passage of water but add weight to the exit face and thus add
downward force. This very pervious material nust neet filter criteria to
prevent loss of the underlying soil through the weighting material.

d. Seepage Forces. Forces inposed on soil particles by the drag of
water flow ng between them nust be considered when analyzing the stability of
sl opes, embankments, and structures subject to pressures from earth masses.
These forces are called seepage forces. The magnitude of this force on a nass
of soil is deternmined by the difference in piezonetric head on each side of
the soil mass, the weight of water, and the area perpendicular to flow The
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seepage force acts in the same direction as flow, i.e. along flow lines. Con-
sider the seepage force on plane A-A in figure 4-16. Since flow is vertically
upward, the direction of seepage force is up, the difference in piezonetric

head is h , and the area perpendicular to flowis A . The seepage force,
F,, is the part of the upward forces due to differential head, h , or:

F = hy A

S w

In terns of gradient and unit vol une;

and using fS as seepage force per unit vol une:

F

=52 =
fS =37 iYw

Two net hods of applying this force to use in stability analysis are described
by Cedergren (1977) and terned the gradi ent nmethod and boundary pressure

met hod. EM 1110-2-1902 gives exanples of enbanknent stability anal yses

consi dering seepage forces. Additionally, the effect of buoyant forces on soil
mass stability must also be considered. The upward or buoyant force, F,
causing reduction in effective stress on plane A-A figure 4-15, is the

remai nder of the upward forces on plane A-A

fb = LYWA

e. Uplift Pressures. Wen seepage occurs beneath concrete or other
i mpereabl e structures or strata, the underside of this inperneable barrier is
subject to a force which tends to lift the structure upward. The deternina-
tion of this pressure or force is inportant in analyzing the stability of the
structure. An exanple of the analysis is given in figure 4-15. Sunm ng of
the uplift pressures over the bottom area of the spillway will give the total
uplift force on the structure for a stability analysis. Harr's text (1962)
provi des methods other than flow net construction to deternmine uplift
pressures.
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CHAPTER 5
CONFI NED FLOW PROBLEMS

5-1. General Considerations. As explained in Chapter 4, confined flow exists
when the saturated pervious soil mass does not have a line of seepage boundary.
| npervious weirs or gravity dams on pervious soil or rock are typical projects
whi ch have confined flow conditions. This chapter will consider two of these
cases. While exanples of this chapter use flow nets, other methods for deter-
mning uplift and gradient such as the Method of Fragments may be used.

5-2. CGavity Dam on Pervious Foundation of Finite Depth. Figure 5-1, a copy
of figure 4-15, provides an exanple of an inpervious structure on a pervious
foundation of finite depth with calculation of uplift and escape gradient.
Figure 4-12 illustrates a gravity dam on a conposite pervious foundation of
finite depth and figure 4-10 shows an exanple of an inpervious dam (though not
a gravity dam) on a finite anisotropic foundation. A cross section of a
classical gravity damweir, figure 5-2 indicates the effect of a partially
penetrating cutoff placed beneath the upstream portion of the dam Conparing
figure 4-10(b) with figures 5-1 and 5-2 will show the reduction in gradient at
the downstream toe caused by enbedment of the structure in the pervious

f oundat i on. Embedment provides a |onger upper flow line for a given structure
width and reduces the gradient at the downstream toe of the structure. O her
measures to reduce uplift and/or high gradients at the downstream toe include
cutoffs beneath the downstream portion of the dam and placenent of drains
beneath the downstream portion of the dam

5-3. CGavity Damon Infinitely Deep Pervious Foundations. This case, illus-
trated by figure 5-3, is symetrical (if there are no asymetrical cutoffs or
drains beneath the dam) and at large distances becones a series of half circle
arcs for flow lines and radial lines for equipotential lines. Since the up-
stream (entrance) and downstream (exit) boundaries extend to infinity and the
foundation depth is infinite, the flow quantity is infinite. Coviously the
anal yst nmust decide the limts of the problem and calculate flow quantity
based on those linits. The sane nmanipul ations and effects of enbednent, cut-
off, and drain described for the previous case will apply to this case.
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Figure 5-2. Gavity dam on pervious foundation of finite depth
(courtesy of MGawH Il Book oOnpanylsl)

Figure 5-3. Gavity damon an infinitely deep pervious foundation
(prepared by VES)
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CHAPTER 6
UNCONFI NED FLOW PROBLEMS
6-1. Introduction. This chapter w |l consider unconfined flow problens for

cases involving earth dams. Because of their ability to give a strong visual
sense of flow and pressure distribution, flow nets will be used to define seep-
age. Qher nmethods, such as transformations (Harr 1962), electrical anal ogy
model s, and nurerical nethods, can provide pressures and flows and be used to
develop flow nets. Unconfined flow problens require the solution of flow and
pressure distribution within the porous nedia and definition of the line of
seepage boundary (phreatic surface within the dam.

6-2. Honpgeneous Earth Dam on Inpervious Foundation. The sinplest earth dam
configuration consists of a honmbgeneous, pervious enbankment on an inpervious
foundation. Though rarely encountered in engi neered enbanknents, this case
will introduce general nethods of defining flow in enbanknents.

a. Definition of Unknown Seepage Boundaries and Cal cul ati on of Fl ow per
Unit Length of Enmbanknment, g . It is desired to define the flow and pressure
distribution within the enbankment and total flow through the enbanknent. The
first step is determnation of the upper flow line (which is the line of seep-
age boundary) and the length of the seepage exit face on the downstream sl ope
of the earth dam This provides all necessary boundary conditions for flow
net construction and conplete seepage definition. The two unknown boundari es,
BC and CD, figure 6-1, are a conbination of an entrance condition, fig-
ure 4-7(c), BB;; part of a parabola, B;B,;, a snooth transition between points

of tangency, B,C, and a straight |ine discharge face along the downstream
slope, CD. A parabola, shown by the dashed line, is the basic geometric nenber
used to define the location and extent of the two boundaries. Casagrande
(1937) provided the standard reference for flow through enbanknents while
others (Harr 1962, Cedergren 1977, and others) added to and refined the basic
met hods. Figure 6-2 provides the nomenclature and fornulas for drawing the
line of seepage and exit face and determning the quantity of seepage per unit

| ength of embankment, q . In a given problem enbanknent geonetry and head
water elevation provide values for h , m and o which allow location of
points A and B and determ nation of distance, d , as shown in figure 6-2.

LINE OF
SEEPAGE BOUNDARY

SEEPAGE EXIT
FACE BOUNDARY

, ‘D E
Figure 6-1. Line of seepage, BC, and seepage exit face, CD, for a

honobgeneous earth dam on an inperneabl e foundation (prepared by
VIES)
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m BASIC PARABOLA x =

« METHOD EQUATIONS
<30° ! SCHAFFERNAK -

__d__ a2 n?
cos & cos? @ sin?

[}
Il

i
" VAN ITERSON g =k asin &tan &
< 80° . i L. CASAGRANDE

2 h
a=§, - S, -
° sin2a

o
o - 2 2
FOR a < 60°, USE S, =+/ d? + h? . FOR

—~

60° < a < 90°, USE MEASURED S, = AC +CD

q=kasin2a

180° { KOZENY

THE BASIC PARABOLA AND DAM SLOPE. THEN
DETERMINE Aa FROM C VALUE ON FIG. 6-5.

=q=kasin2a
i OR

|
la=kyg=k (v d?+hn?-q)

Figure 6-2. Deternmination of line of seepage and seepage exit
face for enbankments on inpervious foundations (adapted from

New Engl and Waterworks Association 151)

|

!

|

l

|

|

30° TO 180°- : A, CASAGRANDE { DETERMINE (a + Aa) AS THE INTERSECTION OF

! |

i

I
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h. After this is done one of the four methods shown in figure 6-2 and
expl ai ned bel ow can be used to deternmine the |ocation of the exit face CD and
the line of seepage BC

(1) o < 30° Schaffernak-Van Iterson. The two fornulas for this method
given in figure 6-2 assune gradient equals dy/dx and allow direct deterni-
nation of a and g . Construction of basic parabola shown in figure 6-3 is
the first step in determning the upper line of seepage (Casagrande 1937).
From enbankment geonetry and headwater height, point A is located. d and vy
are determined by scribing an arc, with radius DA through point E.  Then the
point of vertical tangency of the basic parabola, F, is determined. Line AG
parall el to the enbanknent base and horizontal axis of the parabola, is drawn
and divided into an equal number of segments (6 in the case in figure 6-3).
Line G-, the vertical tangent to the parabola, located at y,/2 fromthe
downstreamtoe of the enmbankment is divided into the same nunber of equa
segnents as line AG The points dividing line AGinto segnents are connected
with point F. The intersection of these lines with their counterpart |ines
drawn from the points on line G- define the parabola. Thus the basic parabol a,
dashed line A-F, is defined. The upstream portion of the line of seepage
dotted line BH, is drawn by starting at point B perpendicular to the upstream

sl ope (since the upstream slope is an equipotential line and the |ine of
seepage is a flow line) and continuing downstreamto nake |ine BH tangent to
the basic parabola at point H which is selected based on judgment. This is an

entrance condition as shown in figure 4-7. The central portion of the l|ine of
seepage is along the basic parabola while the downstream portion is a snooth
transition from the basic parabola to tangency with the downstream slope at
point C  Point Cis located a distance a. fromthe downstreamtoe as
determined by the equation for Schaffernak-Van Iterson shown in figure 6-2
Wth all seepage boundaries known and using the rules of Chapter 4, a flow net
may be constructed within the boundaries as shown in figure 6-4. This figure
points out the inportant basic flow net requirement that all equipotentia
lines intercept the line of seepage and exit face at points with equal verti-
cal separation (in this case H 10 apart)

—a m -

AV, 'G
A 5
4
h / 3
t 2

3 e

v c

- 0

# X D F

ryo j 7 Yo/2

Figure 6-3. Construction of basic parabola (prepared by VES)
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TITIITTIT T
Impervious P
Ky -0 Ay Xy (222 7 hi0~r0_2t,h

ToH s sker eloy

Figure 6-4. Seepage through a perneable
enbankment underlain by an inperneable
foundation (prepared by MVES)

(2)  a < 90° L. Casagrande. The gradient assunption for this method is
i = dy/ds where s is the distance along the line of seepage, and all ows
greater accuracy than Schaffernak-Van Iterson nethod for steeper downstream
slopes. Use of the equations in figure 6-2 and the same general procedures
used for the Schaffernak-Van Iterson nethod apply for o's up to 60°. For
60° <a < 90°, since a and s are interdependent, the location of point C

(or distance a) nust be estimated to deternine the value of s, = AC + CD,
then distance a calculated. This procedure is repeated until there is

satisfactory agreement between theCD portion of the distance s, as neasured

and a as calculated. Thus the seepage boundaries are established allow ng
fl ow net construction.

(3) o = 180° Kozeny. For this special case Kozeny described a solution
adapted by Casagrande (1937). Figure 6-5 illustrates the nomenclature and
construction nethod for this case. Enbanknent geometry, h , and drain |oca-
tion control construction of the basic parabola. For this case the seepage
face is the distance a, and the correction Aa is not used. Again with

boundary definition, the flow net can be drawn.

(4) 30° < @< 180° A Casagrande. After study of nodel experinents

and construction of flow nets for various o's, A Casagrande (1937)

devel oped a curve, figure 6-6, which relates a to the ratio, ¢ = 3 ﬁaAa .

Construction of the basic parabola is the first step in this procedure. The
point, C, , as shown in figure 6-2, where the basic parabola intercepts the

downstream slope is determined and distance a + &a is neasured. Knowing o ,
C can be found in figure 6-6 and 4 «calculated. Information is then suf-
ficient to draw the |line of seepage and discharge face, determne q , and con-
struct the flow net. Casagrande (1937) provides a procedure for the condition
of tailwater on the downstream sl ope:

For the conparatively rare case in which the pres-
ence of tailwater nmust be considered in the design, the
determination of the line of seepage and of the quantity
can be perforned by dividing the dam horizontally at tail-
water level into an upper and |ower section. The line of
seepage is deternmined for the upper section in the sane
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[ and

Yo = 2a

Fi gure 6-5.

Associ ati on

[}

*HORIZONTAL DRAIN

Construction of basic parabola and seepage |ine for
a = 180° Kozeny (courtesy of New England Wat erways

151
)

FOR 90° < a < 180°

04 T T T
L DETERMINE INTERSECTION OF THE BASIC
~o~ . PARABOLA WITH DISCHARGE FACE, AND
~a REDUCE BY Aa USING C VALUE FROM
4\ CHART. | BASIC PARABOLA
0.3 -
y2 -y 2
=2 _Jo
2y,
4
©
|+ 9.2 v°=\/d2+h2-dy—-
©
; 8 ot
&} i o 2
0.1 I
o
-
ot d
S OVEHHIANGING SLOPE
0 1 l
30° 60° 90° 120° 150° 180°
« = SLOPE OF DISCHARGE FACE
NOTE: POINTS WERE FOUND BY GRAPHICAL DETERMINATION OF FLOW NET.
Figure 6-6. ¢ vs o (courtesy of New England

Wat erwor ks Associ ati on

151
)
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manner as if the dividing |line were an inpervious bound-
ary. The seepage through the |ower section is determ ned
by neans of Darcy's law, using the ratio of the difference
in head over the average length of path of percolation as
the hydraulic gradient. The total quantity of seepage is
the sum of the quantities flowi ng through the upper sec-
tion and the |ower section. The results obtained by this
rather crude approximation agree remarkably well with the
val ues obtained from an accurate graphical solution.

Harr (1962) explains an additional nethod, known as Pavlovsky's solution, for
determning a, and q for the case of a hompbgeneous, pervious embankment on

an inpervious foundation. Pavlovsky analyzed the enmbankment by dividing it
into three zones, witing an equation for g 1in each of the zones and, by

assuming continuity of flow, equating the three equations for q . Fig-
ure 6-7 provides the nomenclature for Pavlovsky's solution. The embanknent is
divided as shown with Zone | between the upstream slope and a vertical line at
y
r‘—b-ﬂ

[ T =
L/ TR TS R N e X
I S5 Jl

Figure 6-7. Nomenclature for Pavl ovsky's sol ution

(courtesy of McGawH Il Book Corrpanylso)
the intersection of the crest and upstream slope (y axis), Zone ||l between the
y axis and a vertical line at the intersection of the line of seepage with the
downstream sl ope, and Zone IIl which is conposed of the remainder of the

downstream toe. Pavlovsky assuned horizontal flow in each zone and wote the
basi c equation g = kiA for each zone using the nonenclature of figure 6-7.
The equations for each zone are:

Zone |

— (6-1)

6-6



EM 1110-2-1901

30 Sep 86
Zone |1
k[hi - (ao + ho)z]
q;; = , (6-2)
+ -
I1 2b 2[hd (ao + ho)] cot o
Zone |11
for h, > 0
kao a, + ho
11 "ot e |1 TR Ta_ (6-3)
for h, = 0
ka
= 92
9111 cot a (6-4)
It is assuned that a , 8 , b , hy , hy, , hy, and k are known for a
given problem thus since q = q, = q,, = g (continuity of flow steady
state conditions) only ag, , h; , and q are unknown. This analysis pro-

vides three equations, (6-1), (6-2), and (6-3), or (6-4), and three unknowns.
The equations may be solved in a nunber of ways. One nethod for h,= 0 is to

equate (6-1) and (6-4) and solve for a then equate (6-2) and (6-4) and solve
for ag

h

_cot a d
from (6-1) and (6-4) a T orE (hw -.hl) n E;—:—EI (6-5)
b b 2 2
from (6-2) and (6-4) a = =— +hy - f—2—+ hd) - b (6-6)

then a plot of a, versus h; may be made of equations (6-5) and (6-6). The

intersection of the two curves representing (6-5) and (6-6) is the value of ag
and h; for solution. Equation (6-4) will then provide q . An exanple from

Harr (1962) is provided in figure 6-8.
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Exanple: Determine the quantity of seepage, q , a , and h; , using
Pavl ovsky's solution for the dam shown above. Conpare wth
Schaf fernak-Van Iterson and L. Casagrande Method, figure 6-2

A Pavlovsky's solution

For this case: cot o = cot 8 =3 b =20' h, = 80' hw = 70°

ho =0 k = 0.002 ft/min.

d

For assuned values of h; in equations (6-5) and (6-6) the resulting

val ues for

a, are given in the following tabulation and plotted in

t he acconpanyi ng graph

Equati on (6-5) Equati on (6-6)
hl ao hl aO

50 19.6 50 15.9
52.5 18.7 52.5 17.7
55 17. 4 55 19.7
60 13.9 60 24.1
65 8.4 65 29.3

Figure 6-8

i
/71_

Exanpl e probl em of honpgeneous enbankment on

an inpervious foundation conparing solutions (Continued)
(prepared by VES)
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From equation (6-4)
q= 0. 002 ft/r??n 18.3 Tt _ 0.0122 ft% mn per ft of embankment |ength

a = 3a, = 54.9 ft

B. Schaf f ernak-Van |terson sol ution:

since m= 3(70 ft) = 210 ft
d = 0.3(210 ft) + 3(10 ft) + 20 ft + 3(80 ft) = 353 ft
hw= 70 ft
o353 £ \/ (353 2 (70 £6)>
cos 18726 cos? 18°12' . sin® 18°26'
a =73 ft
q = (0.002 ft/min)(73 ft)(sin 18°26')(tan 18°26")
qg = 0.015 ft%mn per ft of enbankment |ength

C. L. Casagrande solution:

s =\[(353 ft)2 + (70 ft)2 = 360 ft

l 2
360 ft -‘jﬂsso fey2 - (70 f£)

°T sin’ 18°26'

a= 76 ft

q = (0.002 ft/nmin)(76 ft sin® 18°26")

g = 0.015 ft¥nin per ft of embankment |ength

Figure 6-8 (Concluded)
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6-3. Earth Dam with Horizontal Drain on |npervious Foundation. Figure 6-5
presents this case for a honogeneous enmbankment. However, since nost earth
danms are built in horizontal layers, they very likely have a stratified
structure which may allow considerable flow to bypass the horizontal drain,
figure 6-9. The difference in vertical and horizontal structure also causes
differences in horizontal and vertical permeabilities. This can strongly
affect the location of the upper line of seepage, figure 6-10, which affects
stability considerations and nethods of controlling seepage

'PATHS OF LOWER FLOW
RESISTANCE DUE TO
INADEQUATE CONTACT
BETWEEN LIFTS, MORE
PERMEABLE BORROW IN
PARTICULAR LIFTS, ETC.

T

Figure 6-9. Schematic of effect of earth dam stratification on flow of
wat er through embanknent with horizontal drain (prepared by VES)

6-4. Earth Dam with Toe Drain on Inpervious Foundation. Toe drains are
another method of controlling the line of seepage, figure 6-11. Again the
effects of anisotropy must be considered, figure 6-12. The geometry of the
enbanknment and the toe drain, height of reservoir, and the degree of anisotropy
will control the location of the line of seepage

6-5. Earth Dam with Vertical or near Vertical Horizontal Drains on |npervious
Foundation. One very effective nethod of intercepting horizontal flows due to
stratification of the enbankment, figure 6-9, is the incorporation of an
inclined or vertical drain into the central portion of the enbankment, fig-
ure 6-13. This seepage analysis of a zoned, anisotropic enbankment assumed
the rockfill to have infinite permeability with respect to the core materials
and used the method recommended by A Casagrande for drawing the parabola to
determne the upper line of seepage. The interface of the core and inclined
drain is used as the downstream slope for the seepage face since the drain has

a nuch higher perneability than the core material. Provision nust be nmade in
sizing the drain to pass all the water comng out of the core without building
up a tailwater on the downstream slope of the core. It can be noted that the

designers of this exanple used m3 instead of 0.3mto determine the intercep-
tion point of the parabola and headwater elevation and the fornula

yO
1 - cos o
a + Aa . The geonetry of the enbanknent and toe drain, height of reservoir,
and the degree of anisotropy will control the location of the line of seepage

a+ ha = whi ch can be derived trigononetrically, to deternine

6-6. Flow Net for a Conposite Zoned Dam |If differences in perneabilities
bet ween zones in a zoned dam are great enough (e.g. 100 to 1000 tines or nore)
the nore pernmeable zone may be considered to have infinite perneability rela-
tive to the less perneable zone for purposes of seepage analysis. In the
seepage analysis exanple of figure 6-13 the upstream rockfill and the inclined
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Note: Flow net is for isotropic
case (kh - kv) Phreatic line for kp, = k,

Partial flow channel Phreatic line for ky, = 16k,

(transposed back from transformed section)

53
'/7/////7////7/////k/////7////7//[-"""‘
~0

=7

\Drain

Figure 6-10. Effect of difference in horizontal
(ani sotropy) on location of

horizontal drain (after

and vertical perneability
line of seepage within an enbankment with a

U S. Department of Agriculture'®)

FILTER SAND
GRAVEL OR ROCK

(SO
Fi AR :
NN N7 T
Figure 6-11. Honogeneous enbanknent on inpervious foundation with a

toe drain (from EM 1110-2-1913")

160! -

Figure 6-12. Effect of anisotropy for honpgeneous enbankment
on inpervious foundation with a toe drain (courtesy of New

Engl and Waterworks Association 151)
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drain are considered infinitely permeable with respect to the central earth
portion of the enmbankment. In some cases dans may contain adjoining zones

whi ch, have relatively snmall but marked differences in perneability and it nay
be desired to accurately analyze the flow through these zones. Equipotenti al
lines and flow lines, with the exception of the upper line of seepage, will
cross the interface of the zones in the same manner as given for confined
conposite sections in Chapter 4, but the location of the upper line of seepage
(phreatic line) nust first be determined. Once its location is determned the
upper line of seepage transfers between regions of different pernmeabilities in
the manner shown in figure 6-14. In determining the location of the upper
seepage line, the essential principle to remenber is that the flow rate must
be the same through each zone. That is, for a unit depth of enbankment per-
pendicular to the plane of the flow net, Q nust be the same for each zone.
More perneable zones require less gradient and/or cross-sectional area to pass
the flow transmtted to them from | ess pernmeable zones. This idea can be seen
in the exanple and instructions taken from Cedergren 1977.

A k2
g /
2 %
[
YiiTIIVITY ¥4
a:wa q:ﬁ:o

Shoded areos repressn! soil
with lower permeobility coef, k

le—Verticol
\‘ ko(Very pervious

compared o k)

Zone of portial
saturotion

< 1

TITITYTTTIYTI T i1 07T Yy

B=270*-a-w Usual Cose

DEFLECTION OF SEEPAGE LINE AT BOUKDARY
BETWEEN SOILS OF DIFFERERT PERMEASBILITY

Figure 6-14. Transfer of line of seepage between regions of
different perneability (courtesy of New England Waterworks

Associ at i or115])

a. Locate the reservoir level and the tailwater level, noting the
difference in head as h and dividing h into a convenient number of equal
parts of increnents aAh . Draw a series of light horizontal guide lines (head
lines) at intervals of Ahacross the downstream part of the section
(figure 6-15a).
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b. Quess a trial position for the phreatic line in both zones and draw a
prelimnary flow net as shown in figure 6-15a, neking squares in zone 1 and
rectangles in zone 2. Make the length-to-width ratios of all of the rectangles
in zone 2 approximtely equal by adjusting the shape of the saturation line,
using an engineer's scale to neasure the lengths and widths of the figures.
Wien this step is conpleted, the trial flow net should be reasonably well

drawn. It should satisfy the basic shape requirements of a flow net, but the
length-to-width ratio of the shapes in zone 2 probably will not satisfy
c/d = ky/k; . Athough the flow net has been drawn for a conposite section,

the ratio of k,/ k; probably does not equal the k,/ k; ratio originally
assunmed for the section.

“Head" lines

Water surfagg ”_r\[kz =5k /

= \¥ Ah

n g = dfc=05
a. First trial-flow net (not correct)

b. Conpleted flow net (correct)

Figure 6-15. Method for constructing flow nets for com
posite sections (courtesy of John Wley and Sons '°°)

c. Calculate the actual ratio of ky k; for the trial flow net just
constructed. To make this inportant check proceed as follows:
(1) Count the nunber of full flow channels between any two adjacent

equi potential lines in zone 1 and call this nunmber n;_;. In the trial flow
net in figure 6-15a , n;., = 4.0 .

(2) Count the nunber of full flow channels between any two adjacent
equi potential lines in zone 2 and call this number n,, . In figure 6-15a,
Ni., is equal to the width-to-length ratio of the figures in zone 2, d/ic ,
and equal to 0.5.

(3) The actual value of k,/ k, for the trial flow net in figure 6-15a

can now be determned fromthe equation

6- 15
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k2 - k1 nf--1
f-2
or
2 _ Pgo1
kp me

(4) If the calculated k,/k; ratio is too high, the saturation line in
zone 2 is too low and nust be raised. |If the calculated k, k; ratio is too

low, the saturation line in zone 2 is too high and nust be |owered. Raise or
| oner the general level of the saturation line in zone 2 as indicated and
construct another trial flow net.

(5) Repeat steps (1) through (4) until a flow net of the desired
accuracy is obtained. (Usually a few trials will be sufficient.) By applying
the above equation to the first trial flow net in this example (figure 6-15a)
ko, k, = 4.0/0.5 = 8.0. Because the ratio of k, k, for this exanple was

assumed to be 5, the k,k; ratio of the trial flow net is too high; hence the

general level of the saturation line in zone 2 is too |low and nust be raised.
For the second trial flow net (figure 6-15b) n;, = 3.5 and n;., = 0.7 .

The calculated ratio of k,/ k; = 3.5/0.7 = 5.0, the value originally assuned.

The above equation may be derived by recalling that the quantity of seepage in
zones 1 and 2 (figure 6-15) nust be equal. Using

n
q = kh E£
d

in zone 1, q = klh(nf—l/nd) , and in zone 2, q = kzh(nf_z/nd) . For a given
head h , q ~ kl(nf—l/nd) ~ kz(nf_zlnd) and q/nd ~ klnf-l ~ kznf_2 . There-
fore klnf-l = kznf_2 and k2 = kl(nf—l/nf—z) . This expression can be used
for determining the permeability ratios kz/k1 s k3/k2 , and so on, for any

conposite flow net being exam ned for accuracy. It is an essential criterion
to be used in constructing accurate flow nets for conmposite sections. Fig-

ure 6-16 illustrates the additional detail which can be obtained by further
subdivision of the flow net, This may be necessary for a stability analysis or
other reasons. Another exanple provided in figures 6-17 and 6-18 illustrates a
flow net for a zoned dam on an inpervious foundation; figure 6-17 is the trans-
formed section for the true section of figure 6-18 (Cedergren 1975 and U S
Arny Engineer District, Sacramento 1977).
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Water surface

Ah=h/8 ng=18

nlys'bla =07

= n[_z = 35
ng—y =535 =176 ~

(makes squares
in zone 2)

c)

Figure 6-16. Three forns of one flow net (courtesy of

John Wley and Sons 155)

6-7. Zoned Earth Dam on Pervious Foundati on.

a. Zoned enbanknents on pervious foundations may require rather involved
seepage analyses unless sinplifying assunptions are nmade. This is particularly
true when relatively small perneability differences exist between adjacent
zones and foundation and it is desired to consider these differences in perne-
ability. Figure 6-19 provides an exanple of such an analysis (U S. Arny Engi-
neer Waterways Experinment Station 1956b). Devel opment of the flow net required
use of a nunber of principles and nethods explained in Chapter 4, and previous
portions of Chapter 6, e.g., dimensional changes due to ani sotropy, upper seep-
age lines and other flow lines crossing the interface of materials having dif-
ferent perneabilities and conposite sections. It should be noted that several
assunptions were nade.

(1) The flow net for the foundation was drawn independently of the
enbanknment, i.e. considering the embanknent to be inpernmeable, and assuming the
foundation to be isotropic.

(2) The enbanknent flow net reflects the influence of foundation flow

net in the location of equipotential and flow lines and is drawn for aniso-
tropic conditions.
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| T
o
-
A T~
9 -
et / k, = 16k,
~——— ¥
*s‘.. o
—— ‘L
T —a RELATIVE k-
—— | {
_
—~ -
- \\\ ot ———
-
k, = 4k, = | e
— \Ns
\\\
K+ oo » |
- H. R. CEDERGREN
T —— l ’ ‘ 3-18-75

@ STA 9+50

TRANSFORMED SECTION

Figure 6-17. Buchanan Dam flow net studies full reservoir-
Sta 9+50 D/ S transition fill - k, = 16 k, transforned
section (from Cedergren® and U. S. Arnmy Engineer District,
Sacramento 1977)
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(3) The flow nets were constructed assunmng a tailwater elevation of
388 ft (approximate elevation of the base of the embankment) while seepage
quantities calculations assuned a tailwater elevation of 400 ft as shown on
the cross sections (i.e., h for calculation of Qis 192 ft).

(4) For calculation of Q in figure 6-19(b) the flow nets were con-
sidered to be separate but to have the same nunber of equipotential drops.

b. This exanple provides evidence that a large perneable nenmber of the
embankment - foundation material controls the quantity of flow In this case the
relatively inperneable enbankment nmaterials needed to be considered in order to
deternmine the upper seepage line, the extent of saturated materials, and the
expected pore pressures within the enbankment. Seepage for this problem m ght
also be evaluated using a finite elenment conputer program

6- 22
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CHAPTER 7
SEEPAGE TOMRD VELLS

VWells are used in a variety of ways to control seepage.

They may be placed-on the |andward side of water retention structures to

reduce pressure at

the |ower boundary of inpervious strata. Wells are also

used to maintain dry conditions in excavations during construction. In
addition to seepage control, well punping tests serve as an accurate neans of

field determ nation of

7-2.  Analysis of Well

perneability (see Chapter 2).

Problens. The graphical flow net technique described

in Chapter 4 or the approxi mate nethods described in Appendix B can be used in

the analysis of well
solutions to well

a

wher e

2’ '

As for a plan flow net,
Thus

the net.

problens. However, fornulas obtained from anal ytica
problems are the npbst common nethods of analysis.

Fl ow Nets. An exanple of a flownet for a sinple flow problemis
shown in figure 7-1. The

flow between flow lines is given by (Taylor 1948)

AQ = 2rkAh ;—b (7-1)
permeability (L/T)
total head | oss between equipotential lines (L)

distance fromwell (L)

di nension of elenment in Z direction (L)

di nension of element in r direction (L)

AQ and Ah nust be the sane for all elenents within
rb/2 is a constant. \en drawn in plan view (figure 7-1b)

the flow net consists of square elements as in the plane case described in

Chapter 4

(b/R) are proportiona

squar es.

b.

VWhen drawn in

Thus, graphica
is generally not practica
constant thickness and only the plan view of the net is required

profile (figure 7-1c) the elenments' aspect ratios

to the radial distance r and are therefore not

construction of flow nets for radial flow problens
except for cases where the water bearing has a

Appr oxi mate Sol utions. The nunerical and anal og net hods descri bed

in Appendi x C can be used for problens involving conplicated boundary condi -
tions. Electrical analog

cated well

probl ens cannot

nmet hods are especially advantageous as nost conpli -
be idealized in two dinensions.
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PERVIOUS

a. HORIZONTAL FLOW TO WELL

b. PLAN VIEW OF FLOWNET

L
| L b
|II

~
V4

|1
!

c. PROFILE VIEW OF FLOWNET

Figure 7-1. Flowout of sinple radial
flow problem (courtesy of John Wley

and Sons®%)

c. Analytical Formulas. The analysis of flow to a single well can
often be solved by analytical nethods. Also, the analysis of flow to multiple
wel | s and many probl ens invol ving conplicated boundary conditions can be
solved by superposition of solutions for single well problems. Analytical
solutions can be obtained for nonsteady flow problens.

7-3. Basic \Wll Equations for Steady State Flow  Steady flow conditions
exi st when the well flow rate and piezometric surface do not change with tine.
If the regional piezometric surface does not fluctuate, steady state condi-
tions are achieved by punping froma well at a constant rate for a long tine
period. Design of wells for seepage control are often based on conputations
assunming steady state conditions.
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a. Artesian Conditions. Wen significant flowto a well is confined to
a single saturated stratum the problem can be idealized as shown in fig-
ure 7-2a. An artesian condition exists when the height h of the piezonetric
surface |ies above the top of the water bearing unit b . If the properties of
the soil are constant in all directions fromthe well, the discharge Q from
the well nmust be equal to the flow through a cylinder defined by the radius
r, height b, and differential thickness dr . Thus from Darcy's |aw
(equation 3-3), the flow can be witten as

_ . dh
Q=k T 27mrb (7-2)
wher e
Q= constant discharge fromwell (L¥T)

k = coefficient of permeability -(L/T)

—— = hydraulic gradient along radius (L/L)
r = radius of cylinder (L)
B = thickness of aquifer (L)
Upon integrating equation 7-2, the relationship between r and h is found.

__Q
h 27kB

¢n r + constant (7-3)

The constant can be determ ned by specifying that at the radius r, , the
total head h is equal to a known head H, the total head that existed
before starting discharge fromthe well. That is,

h=Hforr = re (7-4)

Inserting equation 7-4 into equation 7-3, the constant termis found to be

Q inr

constant = H - T7KkB e

7-3
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WELL WITH CONSTANT | >{

DISCHARGE, O\‘ r

STEADY STATE /
e H = L L
SURFACES H < ,f,’Z’ATZ,A ToTA
yy /' LLL
FLOW ' | ;[ AQUIFER
LINES — = - ©
s \
s v —~ DATUM

a. HORIZONTAL AQUIFER CONFINED BETWEEN IMPERVIOUS STRATA
(ARTESIAN FLOW)

-+ o>l
e o] '
- _—— - _——__/_’;:————_l_——
STEADY % ]
STATE SURFACE —_— L« H = INITIAL TOTAL
—_— || «—=F HEAD
FLOW
L/NES\ |
IMPERVIOUS BASE — ' ,
DATUM
vz S "/ LS 2

b. HORIZONTAL UNCONFINED AQUIFER (GRAVITY FLOW)

GRAVITY CONFINED
FLOW FLOW

—_——

c. COMBINED AND CONFINED AND GRAVITY FLOW

Figure 7-2. Radial flow to horizontal aquifers (courtesy of

John Wley and Sons 164)
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By substituting the constant terminto equation 7-3 and conbining logarithmc
terms, the well equation for confined flow is obtained

H-h =3 gn -2 (7-5)

The distance r, is often defined as the radius beyond which the well has no

influence or radius of influence

b. Gavity Flow Conditions. Flow to a well under gravity (figure 7-2b)
differs fromthe confined flow problemin the inportant aspect that the height
B of the differential cylinder is equal to the variable h . Thus,
equation 7-2 nust be witten as

dh
dr

whi ch upon integration and substitution of boundary condition gives

2 _2Q
h™ = p ¢n r + constant (7-7)

The constant termcan be evaluated fromthe condition at the radius of influ-
ence r, as was done in equations 7-4 and 7-5. The constant termis given
by:

constant = H2 -8 n r
mk e

whi ch when substituted back into equation 7-7 gives the well equation for
gravity flow

Devel opnent of equation 7-6 is based on the Dupuit assunption (Chapter 4)
which limts the applicability of equation 7-7 to those cases where the slope
of the piezonetric surface is small (less than 5 percent). The error is
greatest in the vicinity of the well.
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¢c. Combined Artesian and Gavity Flow. Wien drawdown of the potentio-
metric surface becomes large near the well, conbined gravity and confined con-
ditions can occur (figure 7-2c).

d. Flow to Wll Goups (Method of Superposition). The piezonmetric sur-
face h caused by discharge froma group of wells can be determined by super-
imposing the solution for the individual wells given by either equation 7-3 or
7-6. For multiple wells, flow cannot be idealized by concentric cylinders and
the problem nust be stated in ternms of the plan coordinates x and vy
(figure 7-3b). By noting that for a well l|ocated at

(xi, yi)’ ri = (x - xi)2 + (y - yi)2 a general well equation can be witten as

@, = q; 4n (ri) + C

i (7-8)

i

wher e
¢i = potential required at point (x,y) to sustain a discharge Q from
a well at (x,, y,)
i i
= h; (confined flow
= hiz (unconfined or gravity flow)
gq; = intensity factor

Qi/lka) (confined flow)

Qi/(wk) (unconfined or gravity flow)
C = constant

The head distribution @(x,y) can be determned by summing the individual

¢i . As the sum of the constants G is a constant, the multiple well

equation can be witten as

n

B(x,y) =2 q; #n (r;) + constant (7-9)
i=1

where n is the nunber of wells. The constant is determned from a known
value of @ at a specified location. For exanple, the superposition formla

7-6
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WELL 1, CONSTANT DISCHARGE

N

PIEZEOMETRIC SURFACE DUE TO

—
— —
—
. — e —— o]
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WELL 1

(L L LLLLLLLLLL L L L L L LA LLLLL L L L L L L L LLLLL,

27

SIS LSS S S S S S
a. FLOW BETWEEN TWO WELLS

(x,y}

WELL 1 AT (x,, x;)

WELL 2 AT (x5, y5)

/12222

.

X

b. COORDINATE SYSTEM FOR FLOW TO MULTIPLE WELLS

Fi gur
and

e 7-3. Flowto nultiple wells (adapted from John Wl ey

Sons*®)
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for the wells shown in figure 7-3 would be

@(x,y) = h(x,y) = hi(x,y) + hz(x,y)

1 2 2
Z7kE [Ql n[x - )"+ (y -y ]
- Q2 Rn[x - x2)2 + (y - yz)z] + constant

At a distance r, fromboth wells h(x,y) = H. The constant termis found
to be

in r,
constant = == (Q1 - QZ)

Substituting the above equation into equation 7-9, the well fornula for two
wel I's becones

1'2 r2

1 1 2

H=-hGoy) = gmg (W P 3~ Qi3
e e

e. Hydr ol ogi ¢ Boundaries (Inage Well Method). Wen there are hydrol ogic
boundaries wthin the radius of influence of the well, equations 7-3 and 7-7
are no longer valid. Exanples of boundaries are

(1) A streamor river which can be idealized as a line source of equa
potenti al .

(2) Arock bluff line at the edge of an alluvial fill valley which can
be idealized as an inpervious boundary.

The superposition of solutions (equation 7-9) can be used to analyze the flow

near a boundary by introducing an artificial device called an image well. An
imge well is identical to the actual well and located symretrically on the
opposite side of the boundary. The superinposed effect of the real and inmge
well for an infinite well is identical to the influence of the real well and
boundary. If the real well is a punping well then a recharging inmage well is
used to represent boundaries such as rivers and a punping inmage well is used
to represent an inpervious barrier. For either case, the absolute val ue of
the flow Q for the inage well is equal to that of the real well. For

7-8
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exanple, the head distribution created by a discharging well in the vicinity of
ariver is identical to that created by the conbined influence of a recharge
and discharge well (see figure 7-4). The head distribution created by the

di scharge well in an infinite confined aquifer is given hy
h, = 2 4n r_, + constant (7-10a)
R 27kB R
and by the imge recharge well in the infinite aquifer
h. = =& &n r_ + constant (7-10b)
I 27kB I

By superposition, the head distribution for the true actual problemis

h = hR + hI
R
= 558 0 ;; + constant (7-112)
1
Note that at the river r, = rg and 4&n = = 0 Thus, constant = H, the
R

head at the river. Substituting the constant term into equation 7-11, the
formula for a single well near a recharge boundary is

r

-h=—9 gn 1t
H h T7kB in

=~

la]
=

To describe the head distribution for confined fl ow near an inpervious boundary
an imge discharge well is used (figure 7-4b), By the procedure used above, h
woul d be obtained as

b oo 0

TukE in TpTy + constant (7-12)
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near boundaries (courtesy of Illinois State Water Survey287)
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The head at the inpervious boundary is unknown, thus additional information is
needed to determine the constant. Note that when rgy and r, are both equa

to the radius of influence that h = H . Thus
r Y
R I
h = oapg In iRl (7-13)
e

The image well nethod can also be applied to problems involving multiple
boundaries. For exanple, a conmon geologic situation involving nultiple
boundaries would be a discharge well punping froman alluvial terrace |ocated
between a river and rock bluff (figure 7-5). In this case, the image well for
the river would have a second image well with respect to the rock bluff, which
in turn would have an inmage with respect to the river and so on. A simlar
progression of inage wells would be needed for the inperneable barrier.
Eventually, the location of each added-inmage well extends beyond its radius of
influence r, fromthe punping well and has no practical influence in the

sol ution.

7-4.  Special Conditions. Although the sinple well formula (equation 7-8) is
often used to analyze flow problens, it describes a relatively idealized con-
dition that is found rarely in practice. It is generally desirable to con-
sider the effects of partial penetration of wells, sloping aquifer, and
stratification of water bearing units in the analysis.

a. Partially Penetrating Wells. In deriving equations 7-3 and 7-7 it
is assumed that the flow lines are horizontal at the entrance of the well
This assunption is valid only if the well conpletely penetrates the water
bearing strata. An approximate solution for flowto a well partially pene-
trating a confined aquifer was devel oped by Miskat (1946). The head can be
computed from

-¢C,8 (7-14)

wher e C1 and 02 are constants to be determined from boundary conditions

and Bis a function of the radius fromthe well (Warriner and Banks 1977).
The expression for B given by Miskat (1946) was based on sinplifying assunp-
tions. Duncan (1963) and Banks (1965) assessed its validity fromelectrica
anal ogy nodel studies and devel oped a nore accurate expression for B8 . The
alternative enpirically determned relationship for B8 devel oped by Duncan
(1963) is given in figure 7-6. The constants C, and C, are determni ned
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from the boundary conditions at the well and at the radius of influence as

C, =h +C.B

1 W 27w (7-15)
H - hw
€)= B -8
w e

wher e
h, = total head at well (L)
B

w
H

value of B at well radius r, (dinensionless)

total head at radius of influence ro (L)
Be = value of B at radius of influence r, (dimensionless)

The wel|l discharge can be deternmned by using an enpirically deternined shape
factor §

Q = K(H - hw)SB (7-16)

with

g = 2w Bbd Be

in zg Bw - Be

4B
wher e
84d = value of B at r = 4B
B = aquifer thickness

h. Flows to Goups of Partially Penetrating Wlls. An enpirical nethod
devel oped by Warriner and Banks (1977) provides a neans to nodify the rela-
tionship obtained by superinposing solutions for individual fully penetrating
wells for the effects of partial penetration. First, the head at each well is
computed from the assunption that they fully penetrate the aquifer:

N
r
= ..._1- _ii -
hy = ¢+ ooy E Q fn — (7-17)
i=1
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wher e
h; = head at well j (L)
c = constant of integration (L)
Q = discharge fromwell i (L¥T)
k = coefficient of permeability (L/T)
B = aquifer thickness (L)
a = constant (L)
r; = distance between well i and well j (L)
ro = radius of well j (L)
N = nunber of wells in group
In addition, the head at a point on the source boundary is given by:
N r
H=c+2—11TﬁZQizn§ (7-18)

where H is the head at the source and r;s is the distance between well i

and the source. The drawdown at each well is conputed from conbining
equations 7-17 and 7-18

N

ahj = H - hj = ZZszrs (7-19)
i= 13

with ryy =r

Equation 7-19 gives the drawdown for each well within a group of fully
penetrating wells. The values of Q required to cause the drawdown ah

3
can be determined by solving the system of N equations (7-19) for the N
unknowns Q . As for the single well, a shape factor can be defined as:
% 7-20
% " T (7-20)
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wher e Si is the shape factor for each well within a group. This shape
factor can be corrected to account for partial penetration by

' Tiw [Bad ~ Be
Si = - 5~ (7-21)
n s \Pw T e
4B

By replacing $i in equation 7-16 with $£ the flow fromthe well group is
given as

N
- ' -
Qpopag = Z kBS!ah, (7-22)
i=1

The computations required to evaluate equations 7-19 through 7-22 are straight-
forward though they are tinme consuming for large well groups. Warriner and
Banks (1977) provide a FORTRAN code to conpute di scharge and drawdowns for
partially penetrating well groups within an arbitrarily shaped source boundary.

c. Wlls in Sloping Aquifer. |If the regional potentiometric surface
has a significant slope, the effect of superinposing the initial regiona
gradient on the well drawdowns nust be considered. For exanple, when punping
from floodplain locations, the existing piezonetric gradient from upland areas

to the river my be as great as those caused by punping fromthe well. The
significant paranmeters for confined flowto a single well are shown in
figure 7-7. At a large distance fromthe well, the regional flow net would
not be affected. Al flowinto the well would be contained within the stream
lines separated by the dinension f . Thus by Darcy's law for one-dinensional
flow
dh1

Q=—k——d—XBf (7-23)

wher e

Q = discharge from well (L¥T)
k = perneability (L/T)

h, = total head (L) for regional flow alone
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Figure 7-7. Superposition of well drawdown on regional gradient
(courtesy of International Institute for Land Reclamation and
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The corresponding differential equation for the well would be

—2._941 )
dr 27kB r (7-24)
wher e
h2 = total head due to flow to well
r =\)x2 +y2
At a distance X, downgradient fromthe well, a groundwater divide devel ops
(cul mination point) at which
dh dh
2__1
dr ~ T dx (7-29)
In view of equations 7-23 and 7-24
—Q 1 _ 9 )
27kB Xe kBf (7-26)
or
f
Xe = 2n
By substitution of equation 7-26 into equation 7-23
dh,
Q= ZkaeB ix (7-27)
By integrating equations 7-24 and 7-27
-2 _
h1 2nkXeB X + ¢,
(7-28)
-2
h2 T7KE in r + <,y
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and superinposing the effects

- _ X Q 2 2
h(x,y) h1 + h2 2"kae + TkB ¢n (x° + y°) + constant (7-29)

The distance X, can be renmoved from the expression by substitution of
equation 7-27

hix,y) = ix + —Q in (x2 + yz) + constant (7-30)
47kB
dh1
where i = = the regional slope of the aquifer.

For conditions of unconfined flow, the regional gradient would be defined by a
par abol a

2 _ 29
h1 = %F X + constant

whi ch when conbined with the well equations for unconfined flow gives

By = - [%- +3 0 (x+ y2)] + constant (7-31)
: e

d. Layered Aquifers. Natural soils often occur in layers and a well
may penetrate units having different perneabilities. |If flowto the well is
horizontal, the sinple well equations can be used by assigning an average
val ue of perneability given by

N
- __m._m -
Kavg ~ m§ d (7-32)

wher e
K, = horizontal perneability of layer m
d,, = thickness of layer m

d = total thickness of layers
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Note that the perneability determned froma field punping test is an average

of all wunits penetrated by the punping well. A case where vertical flow can be
inportant is shown in figure 7-8. The discharging well is pumping from a
INITIAL PIEZEOMETRIC SURFACE ASSUMED TO
2 / COINCIDE WITH GROUNDWATER TABLE
s 7
= o — — — A
— —
— -—
o — ““——STEADY STATE PIEZEOMETRIC SURFACE
T T T s =" T e e —
e - = [/ T STRATA WITH
B - < e — — ———=c—F———> PERMEABILITY
q_c_r_._-________‘__i_ K’
ASSUMED FLOW T AQUIFER WITH
THROUGH CONFINING PERMCABILITY
@ STRATA K>>K’
SEM{I-CONFINED AQUIFER ‘
i

Figure 7-8. Flow to well wth significant vertical flow through confining
164
)

permeable unit overlain by a less perneable unit through which significant
vertical flow can occur. The flow to the well is given by

| ayer (courtesy of John Wley and Sons

B b=tk (E) (7-33)

wher e
H = original total head (L)

h = total head at distance r fromwell at steady state condition

(L)
Q = discharge rate (L%T)
L = vkBC (leakage factor) (L)
B = thickness of aquifer
C=B/Kk (L)

B = thickness of overlying |ow permeability unit (L)
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k' = permeability of overlying |ow pernmeability unit (L/T)
ko(%) = Hankel function (tabulated in table 7-1) (dinensionless)

7-5.  Nonsteady State Flow Nonsteady state flow nmay arise in several ways
When punping Is started, time is required to establish a virtually steady state
condition. Flow during this period nust be assumed to be nonsteady state. I|f
punping occurs intermttently, a steady state condition may not be established
Also, if large fluctuations occur at the source, potential steady state flow
conditions are not mmintained. The steady state condition can be viewed as the
end condition that is reached after punping for a long tine period. In the
design of a well system for seepage control, it is generally adequate to
consider only the steady state condition. However, the determnation of
coefficient of perneability fromtest data often requires anal ysis based on
nonsteady state condition. The duration of many well tests is too short to

Table 7-1. Values of K, r/L for Selected Values of r/L to
Eval uati on Equation 7_33(a)

_i_f f =107 f = 10" f =10
1.0 4.721 2.427 0. 421
2.0 4.028 1.753 0. 114
3.0 3.623 1.372 0. 035
4.0 3.336 1.114 0.011
5.0 3.114 0. 924 0. 004
6.0 2.933 0.777 0. 000
7.0 2.780 0. 660 0. 000
8.0 2. 647 0. 565 0. 000
9.0 2.531 0. 487 0. 000

Exanpl e: %:(15, f =101, K0.5 = 0.924

(a) Prepared from nore extensive tables presented by Kruseman and De Ridder
(1970).
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reliably establish the steady state condition. Also, in practice, hydrologic
boundaries may be present within the steady state radius of influence. In
either case the use of the steady state flow equations could lead to substan-

tial error in determning the permeability.

a. Nonsteady State Confined Flow. Theis (1935) devel oped the follow ng
relationship for nonsteady state flow in a confined aquifer (Davis and DeWei st

1966) :

_ _Q (7-34)
i h 4mkB W(w
wher e
Q = constant discharge rate (L%T)
k = perneability (L/T)
B = thickness of aquifer (L)
Wu) = function given in table 7-2
u2 U3 1.14
=-0.5772 - fnutu - g b g - T e
The paraneter u is given by
2
_rsS
Y = Zise (7-39)

wher e

r radius fromwell (L)

S storage coefficient (dinensionless)

t time fromstart of punping (T)

The storage coefficient S represents the amount of water renoved from stor-
age as a result of consolidation of the aquifer and expansion of water in
response to the decline in head. Physically S is given by

S = pgB(a + nR) (7-36)
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Sel ected Values of 1/u

to Evaluate Equation 7-34 (2

N
Cl—

10°

1010
101
1012
1013

1014

Example : u = 0.005 ,

=10 R =80
0. 000 0. 001 0. 146
0.219 0. 600 1.623
1.823 2. 468 3.817
4.034 4.726 6. 109
6. 332 7.024 8. 410
8. 633 9.326 10. 71
10. 94 11.63 13. 02
13. 24 13.93 15. 32
15. 54 16.23 17.62
17. 84 18. 54 19. 92
20. 15 20. 84 22.22
22. 45 23. 14 24.53
24.75 25. 44 26. 83
27.05 27.75 29.13
29. 36 30. 05 31. 44
31. 66 32.35 33. 74
% = 200 Wu) = 4.726

(a) Prepared by WES.
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where
p = mass density fluid (m L%
g = acceleration of gravity (L/T?
B = thickness of aquifer
a = bulk conpressibility of aquifer (LTY/M
n = porosity (dinensionless)

B = bulk conpressibility of fluid (LT¥M

The deternination of the aquifer properties kb and S from equation 7-34
requires a conplete drawdown versus time history for each observation
piezometer. The Theis nethod for data analysis is based on the logarithnmic
representation of equations 7-34 and 7-35

log (H - h) = log[W(u)] + log (4HEB)

2
log (%—) = log(u) + log (;%E)

From the equations above it is seen that if Qis constant that log(H - h)

varies with log(r%t) in the same way as log [Wu)] varies with log (u)
regardl ess of the units used. Therefore, it should be possible to superinpose
the data curve on the theoretical curve because the two curves are offset from
each other only by the constant terms log Q/4nkB and |log S/4kB . By deter-
mning the value of the offsets from the superinposed curves, kb and S can
be deternmined. The conputation consists of the followi ng steps

(1) Aplot is made of Wu) (log scale) versus u (log scale). This
plot is referred to as the type curve

(2) For each observation well, a plot is nade of drawdown H - h (Ilog

scal ) versus r2/t (log scale).

(3) Superinpose the test data over the type curve in such a way that
the drawdown data best fit the type curve (figure 7-9). The coordi nate axes
of the two curves should be kept parallel.

(4) Determine the values Wu) , u, H- h, and r?%t from an
arbitrarily chosen matching point on the two curves.
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Figure 7-9. Use of type curve for analysis of nonsteady state flow
(courtesy of John Wley and Sons 164)
(5) Conpute the value of kB from equation 7-34 using the matching
point value of H- h and Wu) . Conpute the value of S from equa-
tion 7-35 using the matching point values of u and r?t conbined with the
previously conputed value of kB . The above procedure is carried out for
each observation well. Ideally, the conputed values of kB and S should be

the same for all observation wells. Differences in the computed values my be

caused by geologic variations in the aquifer and hydrol ogic boundaries not
accounted for in the analysis.

b. Sinple Method for Coefficient Determination (Jacob's Method). Jacob
(1950) introduced a sinplification to the determnation of kB and S by
noting that for small values of u (small r and/or large t) equation 7-34
reduces to (Davis and DeWist 1966)
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H-h-= Z?gi <£n % - In l.78) : u < 0.0l (7-37)

Equation 7-37 can be witten in a form convenient for graphical solution by
substituting equation 7-35 and witing in terns of base 10 |ogarithns:

2.30Q 2.25T . 2.30Q

ZrkB 198 7. ‘Y im@ 108 t

r s

H-h-=

(7-38)

From equation 7-38 it is seen that the relationship between drawdown H - h
and time t for a particular observation piezoneter (r = constant) can be
represented as a straight line on a plot of H- h versus logt

(figure 7-10). The slope of the line is equal to %ﬁtﬂ Also, the tine,
t,, corresponding to H- h = o0 gives

2,25 %
rZS =1
whi ch can be used to determine S. An alternative analysis consists of plot-
ting H- h versus log r . The following relationship can be obtained by

rearranging the termin equation 7-38.

_ 2.30Q | 2.25kBt _ 2.30Q

H-h=7r3 g S ~ 2mkB

log r (7-39)

Equation 7-39 defines a straight line on a plot of H- h versus r

(figure 7-10b). The slope of the line is - .3__1}13—1(3)9 and can be used to
determine kb . The line intersects the H- h = o0 axis at r, . This
intercept can be used to determine S from
2.25kBt
= =1
r S
(o]

Note that r, represents the radius of influence for the well at time equals
t . Thus the radius of influence for the steady state condition r, is equal

to r, as t tends to infinity. This inplies that the radius of influence
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Figure 7-10. Use of Jacob approximation for nonsteady state flow

(courtesy of John Wley and Sons 164)
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expands indefinitely and cannot be defined. However, the val ue of Mo

selected has a relatively small influence on conputed drawdowns near the wel
and equation 7-39 can be used to determ ne reasonable values for r, .

C. Nonst eady Unconfined Flow with Vertical Gavity Drai nage (Del ayed
Yield). Initial response (generally after first few mnutes of punping) is
given by (Kruseman and DeRi dder 1970)

H-h = 7= W(u, , ©/B) (7-40)

wher e

2
A 4kBt

S, = storage coefficient for instantaneous release of water from
storage

Wu, , r/B) = Boulton well function (figure 7-11a)
r/iB = formation constant to be deternmined from piping test data

Later tine response is given by

- = -—Q— -
H-h=—0 W(uy » r/B) (7-41)
wher e
rZS
P
y  4kBt

S, = specific yield
Wuy r/B) = delayed yield well function

The application of equations 7-40 and 7-41 through use of a type-curve is
simlar to that of equation 7-34. The follow ng should also be noted

(1) Type curves for several values of r/B should be plotted. The

curve giving the best fit to the initial time-drawdown data is used to
estimate r/B.
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(2) The tine-drawdown data overlay may be noved to obtain the best fit
for the latter time-drawdown data. Both initial tine and latter time fits
shoul d give the sane value of r/B and kB .

(3) Eventually, the effects of vertical gravity drainage becorme negli -
gible and the latter time curve nerges with the Theis curve. The tine-
coordinate where t